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ABSTRACT The magnetic gearbox for wind turbine has the potential virtue of less maintenance, improved
reliability, and overload protection. Dynamic performance analysis plays a key role in its optimal design and
ensuring its stable operation. But so far, there are few unified and effective methods for dynamic performance
analysis of magnetic gearbox especially for multistage magnetic gearbox. Thus, a nonlinear dynamic analysis
method based on load angle is proposed for two-stage magnetic gearbox in this paper. First, the nonlinear
dynamic model of two-stage magnetic gearbox is established based on load angle. Second, the analytical
expressions of load angle and magnetic torque of magnetic gearbox facing instantaneous shock are obtained
by Taylor expansion based on load angle. Third, the dynamic performance of magnetic gearbox under
different operating conditions is analyzed. Finally, the simulation results are discussed, and the results show
that the accuracy of the proposed analytical method is comparable to that of Runge-Kutta method, which
verifies the effectiveness of the proposed method and facilitates its application to the fast dynamic evaluation
and optimal design of multistage magnetic gearbox.

INDEX TERMS Dynamic characteristic, magnetic gearbox, load angle, Taylor expansion, Runge-Kutta

method, wind turbine.

I. INTRODUCTION

In the transmission system of the doubly-fed and semi-direct
drive wind turbines, the gearbox is one of the most critical
components and its performance directly affects the stable
operation of the wind turbines. The existing wind power
gearbox (Fig.1) adopts mechanical gear transmission mode,
it has the intrinsic disadvantages of high failure rate, high
operation, and maintenance cost and so on, which seriously
restricts the progression of high-power wind turbines [1], [2],
[3]. Recently, due to the potential advantages of overload
protection, high reliability, low maintenance cost, and low
noise [4], [5], [6], the coaxial magnetic gear (CMG) [7]
has received increasing attention in its application of wind
power [8], [9], [10]. For instance, several attractive magnetic
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gearboxes for wind turbine (WMGB) and pseudo direct-drive
machines (Fig.2) with different topological structures based
on CMGs have been proposed for wind power generation
[11], [12], [13].

Unlike conventional CMG which input load is relatively
stable, although WMGB can achieve higher gear ratio, the
input load of WMGB has the stochastic time-varying char-
acteristic, as the wind speed and direction change randomly,
especially the gust and turbulence, which seriously threat-
ens the reliable operation of the transmission system [14].
Thus, it is necessary to ascertain the dynamic characteristic
by enhancing the dynamic response research of the WMGB
coupling transmission chain, so that the mechanical structure
of WMGB can be further optimized to improve its dynamic
operating performance. Furthermore, it is convenient to eval-
uate the feasibility of its application to high-power wind
power generation system.
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FIGURE 1. Conventional doubly fed wind turbine drive system.

The lumped parameter method and finite element method
(FEM) are usually used for the dynamic characteristics
analysis of the mechanical gearboxes [15], [16]. They respec-
tively consider the supports and the key components as
flexible bodies to evaluate the local structural deformation
under external forces. The above analysis methods provide
useful references for the dynamic characteristics study of
WMGB. However, different from mechanical gearboxes, the
rotors of WMGB transmit torque through non-contact mag-
netic force. When facing time-varying loads, the problem
of insufficient stiffness is inevitable [14]. Therefore, for
WMGB, it is necessary to focus on the position angle and
torque response of the rotors, rather than its local structural
deformation.

The research on dynamic characteristics of CMG and
its integrated machine are attracting more and more atten-
tion. A nonlinear dynamic evaluation method about CMG
is performed by using the principle of superposition and
energy conservation, but the solving accuracy will decrease
with the increase of the torque ripple [8]. The potential
transfer characteristic, nonlinear damping in motion control
servo systems under overload conditions were investigated
by theoretical analysis and experimental verification [17].
Chen and Tsai [18] developed a block diagram modeling
method to predict the dynamic characteristics of CMG, which
facilitates researchers to apply the method to a wider range
of control applications directly. A fast and efficient proce-
dure was proposed to simulate the dynamical response of
CMG by obtaining the torque for every position angle and
geometric configuration using Maxwell Stress Tensor [19].
The dynamic characteristics of CMG was investigated based
on a 2-D analytical model and motion equations, and the
effect of loading condition on the dynamic pull-out torque
of CMG was also studied [20]. In [21], a dynamic model
of the CMG control system is proposed to optimize the
power transmission by combining the transient FEM and
kinematic losses model. In [22], the transient performance
of magnetically geared induction motor for a direct start was
studied by numerical simulation. A dynamic analytical model
of a particular magnetic gear based on pure dipole-dipole
coupling was proposed by considering two types of friction
in the bearing [23]. In addition, some researchers have also
studied the dynamic characteristics of magnetic gears based
on the lumped parameter method and FEM [24], [25].
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FIGURE 2. Magnetically geared generator for wind turbines.

However, the power transmitted by these magnetic gears
is still relatively low, and there is little research on MW-scale
WMGB system especially its dynamic characteristic analysis.
In [14], the dynamic characteristic of the low-speed mag-
netic gear of a 1.5MW multistage WMGB under different
wind speeds was analyzed. Desvaux et al. [26] proposed an
analytical expression of magnetic torque under small step dis-
turbance and defined various criteria to evaluate the dynamic
performance. To simplify the analysis model, the concept
of load angle is introduced into the motion equation [8],
[16], [18]. The definition of load angle is the difference of
the electrical or mechanical angle between the input and
output rotors, which reduces the degree of freedom of system
by variable substitution. Nevertheless, the existing research
have almost focused on single CMG, or only for a specific
operation condition. They have neither provided the dynamic
information of WMGB with multistage CMGs under dif-
ferent operating conditions, nor a unified dynamic response
expression.

Therefore, this paper focuses on the high-power WMGB
with two-stage CMGs (Fig.3) and aims to provide a uni-
fied and effective nonlinear dynamic characteristic analysis
approach. Furthermore, the dynamic performance of the pro-
posed two-stage WMGB under different operating conditions
will be analyzed to verify the effectiveness of the proposed
method and the rationality of the two-stage WMGB applying
to the wind power generation system.

The remainder of the paper is organized as follows: the
nonlinear dynamic model of the two-stage WMGB transmis-
sion system is established in Section II. Then, the dynamic
response expressions of load angle and magnetic torque
based on the dynamic model of load angle Taylor expansion
are given in Section III. Section IV analyzes a high-power
WMGB to evaluate the effectiveness of the proposed analysis
method and the influence of operating conditions on the
dynamic performance of the system. Last, the conclusion is
drawn in Section V.

Il. DYNAMIC MODELING OF TWO -STAGE WMGB

A. OPERATING PRINCIPLE OF THE WMGB

As shown in Fig. 3, the two-stage WMGB transmission
system contains two stages of CMG: the first-stage CMG
(FSMGQG) and second-stage CMG (SSMG). The CMG (Fig.4)
at different stages consists of the stator, inner rotor, and
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FIGURE 3. Two-stage WMGB transmission system.

modulator. The modulator of the FSMG is connected to the
wind wheel via main shaft, and the inner rotor of the SSMG
is connected to the generator via a coupling. The two-stage
WMGB is designed for a 1.5 MW wind turbine, and its main
system parameters are listed in Table 1.

For each CMG shown in Fig. 3, the pole-pair numbers
of inner rotor and stator and the number of ferromagnetic
segments must follow the relation (1) [10] and the gear ratio
is given by Eq. (2).

NS‘K = Dik +p01c (1)
G¢ = Ny [pic. G = GG, 2)

where, k = 1, 2, represent FSMG and SSMG, respectively;
Pix and p,, are the pole-pair numbers of the inner rotor and
stator of the «™" CMG, respectively; Ny, is the ferromagnetic
segment numbers of modulator of the k™ CMG:; G, is the gear
ratio of the k" CMG: G is the total gear ratio of WMGB.

Due to the existence of modulator, magnetic fields excited
by the PMs on the inner rotor and stator respectively can be
coupled effectively, such that abundant space harmonics are
established in the inner and outer air-gaps. The radial flux
density at aradial distance r established by PMs on inner rotor
or stator can be expressed as follows:

Br¢> (r7 9)
= Ay Z by (r) cos (mpg (0 — wgt) + mpgybo)
m=1,3,5--
1
+3 > D Am ()b (r)cos

m=1,3,5.- n=1,2,3--

mpywe +nNswy
+nN;) + | 0 — ————) t-+mpy0
(mp¢ & S) ( mpgy +nN; ) Py O)

> D> AP bm(r)cos

m=1,3,5.-n=1,2,3--

mpywg —nNsw
—nNg)+{0————— )1+ [
x ((mp¢ nNy) ( pr— ) mpg o)
3)

X

+

and the circumferential flux density at » established by PMs
on inner rotor or stator can be expressed as follows:

Bgg (r,0)

= Ago Z bom (r) sin (mp¢ (9 - a)¢t) + mp¢90)
m=1,3,5---
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TABLE 1. Parameters of two-stage WMGB transmission system.

Symbol  Parameter Value
Py Nominal power 1.5SMW
wy Rated input speed 17.401/min
Twi/Ty»  Nominal torque of FSMG/SSMG 823.22/105.84kNm
Twi/Tve  Stall torque of FSMG/SSMG 987.86/127.01kNm
Pole-pair numbers of FSMG/SSMG’s
pupe inner rotor 979
Pole-pair numbers of FSMG/SSMG’s
Pl o 61/76
Ml MG s ot 70
Ji Inertia of LS motion rotor 3.8x10* kg.m?
I Inertia of MS motion rotor 4.0x10* kg.m?
Jn Inertia of HS motion rotor 5.0x10° kg.m?
1 .
+ 3 Z z Agn (r) by () sin

m=1,3,5---n=1,2,3---

mpgwe +nNswy ) )
mpgy—+nNg) + {0 — ——— ) t+mpy6
( Pe S) ( mpg + nN Pyr0
1
+ 5 E E Aoy (r) bop (1) sin
m=13,5+n=1,2,3

mpywg —NNsw
—nNg)+(60 — —— ) t+ [
) ((mp¢ nis) ( mp gy —niNg ) " O)
4

where, ¢ can be i or o, they denote the inner rotor or stator,
respectively; wy is the rotational speed of the inner rotor or
stator (of course, here w, = 0), and wy is the rotational
speed of modulator; b, and bg,, are the radial and circum-
ferential components of the flux density distribution without
modulator; A9, A, Ago and Ag, are the Fourier coeffi-
cients of modulating effect to the radial and circumferential
components of the flux density, respectively. 6 is the initial
mechanical angle.

The magnetic torque of the inner rotor and stator 7; and T,
can be obtained by calculated as follows:

X

—

Lyr? [27

T,=-"1 / B, By idf )
120) 0
L r2 2

T, =t / By 0By od6 ©)
no Jo
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FIGURE 4. Single-stage CMG (FSMG) in exploded drawing.

where, L, is the axial length of the CMG; o is the perme-
ability of the vacuum; r; and r, are the circle radius of the
inner and outer air-gaps, respectively; B, ; and By ; are the
radial and tangential components of magnetic flux density
in inner air-gap; B, , and By , are the radial and tangen-
tial components of magnetic flux density in outer air-gap,
respectively.

According to the conservation of energy and mechanical
balance, the magnetic torque of modulator is expressed as

Iy=-T; =T, )

Under the unstable state, the magnetic torque of the modu-
lator is related to the difference between the electrical angles
of the modulator and inner rotor.

B. NONLINEAR DYNAMIC MODELING OF THE WMGB
According to the different rotation speeds of each component,
the two-stage WMGB transmission system is divided into
three rotors as shown in Fig. 5: low-speed (LS) rotor (i.e.
FSMG’s modulator), medium-speed (MS) rotor (i.e. FSMG’s
inner rotor and SSMG’s modulator) and high-speed (HS)
rotor (i.e. SSMG’s inner rotor).

To facilitate the analysis, the following assumptions are
made:

1) The mechanical structural design is relatively effective,
and the friction of each rotor can be ignored;

2) The cogging torque is not considered, because it only
affects the local dynamic behavior and its value is relatively
small;

3) The shaft is completely rigid, and the torsional force at
the shaft end is not considered;

4) The final purpose is to obtain the relationship between
system response and system parameters, so the influence of
the torque controller is not considered (or the torque is well
controlled) here.

According to Newton’s second law, the coupled motion
equation of the transmission system can be expressed by

Ji6p + Ty sind; = T,y

Jnbm — G ' Tag1 sin 8y + Tyrasindy = 0 (8)

Inbp — G5 ' Tyasindy = T,
where, J;, J,, and J,, are the inertia of LS, MS and HS
rotors; 607, 6, and 6, are the mechanical angle of LS, MS and
HS rotors; T, and T, are the driving torque of the wind turbine

and the electromagnetic torque of the generator, respective-
ly; Tp1 and Tyyo are the stall torque of FSMG and SSMG;
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FIGURE 5. WMGB transmission system motion rotor division.

Tap1sind; and Tyosind; reflect the changes in the magnetic
torque of FSMG and SSMG, respectively; §; and J, are the
load angle of FSMG and SSMG respectively, i.e. the electrical
angle difference between the modulator and inner rotor of
CMG (taking &7 as an example, its annotation is shown in
Fig. 6), which can be expressed as follows:

81 = Ns10; — pi1bn, 62 = Ns20im — pinbh 9

When the system operates stably, the angular acceleration
of each rotor is 0, so the stable operating points of FSMG and
SSMG can be calculated according to Eq. (8):

810 = arcsin(Tw/TMl) (10)
8r9 = — arcsin (GzTe/TMz) = alrcsin(Gf1 Tu1 /TM2 sin§1p)
(11)

Generally, the modulator of FSMG suffers the random
load from the turbine rotor, and its dynamic performance
will directly affect the reliable operation of the transmission
system. Further, to obtain the magnetic torque transmission
characteristics of FSMG, as shown in Fig. 6, a 2D FEM was
established in Ansys/Maxwell 2D and the detailed structure
parameters are listed in [14]. Fig. 7 shows the curve of
magnetic torque of input rotor changing with load angle §;
obtained by finite element analysis (FEA) and Eq. (8). And
from Fig. 7, the results obtained by Eq. (8) are highly consis-
tent with that of 2D FEA, which also shows the accuracy to
describe the dynamic magnetic torque of FSMG by Eq. (8).
Next, the torque ripple of the modulator and inner rotor of
FSMG with different load angle calculated by 2D FEA are
shown in Fig. 8. It can be seen from Fig.8 that the torque
ripple of modulator is lower than that of inner rotor. If the
load angle is around 0° (360°) or 180°, the torque ripple of
the modulator and inner rotor reaches the maximum value.
At this time, the FSMG in the light load state, thus the wind
turbine in the shutdown state.

In addition, if the load angle is around 90° or 270°, the
torque ripple of both modulator and inner rotor reaches the
lower values (no more than 5%). However, once the load
torque exceeds the stall torque of FSMG, the modulator will
immediately decouple from inner rotor to realize overload
protection. It means that the states corresponding to the above
load angles are unstable in the engineering. Therefore, it is
necessary to choose a suitable overload capacity to make
CMGs operate in the stable area.

To further illustrate the evolutionary relationship of load
angle, the curves of different types of angles with time under
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FIGURE 6. 2D FEM model of FSMG established in Ansys.
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FIGURE 7. Curve of magnetic torque changing with load angle of FSMG.
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FIGURE 8. Torque ripple of modulator and inner rotor of FSMG.

rated operating conditions are shown in Fig. 9 to Fig. 11.
Besides, the evolutionary relationship among different types
of angles is elaborated in Fig. 12.

To observe the changes of all types of angles clearly, the
sinusoidal angular velocity disturbance with amplitude of
0.02% and 0.1% is applied to the input and output rotors
of WMGB, respectively. From Fig. 10(a) and 10(b), the
electrical angles of modulator and inner rotor are a series
of sawtooth shock pulses. However, due to short switch-
ing period and full angle range, it is difficult to determine
the operating state of CMGs, which also makes difficul-
ties for further quantitative analysis of the system dynamic
performance.

Thus, the load angles are introduced to amplify evolution-
ary behavior of electrical angles by analyzing the difference
of the electrical angles. Meanwhile, from Fig. 11, the load
angle fluctuates in a tiny range near the constant stable
operating point 819 and 829, which is convenient for further
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FIGURE 10. Electrical angle waveforms of different rotors. (a) FSMG,
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evaluating the dynamic performance of the system via the
range of the fluctuation.
Then, Eq. (8) can be transformed to:

S[ + Ty11sindy — Ty sindy =Ty g (12)
82 — Tm12sindy + Tyz1 sindy = T, ¢

with,

Tvit = (No1 /1 + pi /(GiIw)) Tuis
Twiz = (N2 /(G1Jw)) Tu
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T2t = (Ns2/Jm + iz [ (G2Jw)) Tara.
Twm = (pit/Im) Tarz

Tw_eq = ]Vsl/-]l . TWa Te_eq = pi2/Jh . Te

In conclusion, the introduction of load angle has the
following advantages for nonlinear dynamic characteristic
analysis of the transmission system:

1) The degree of freedom of the original motion equation is
reduced, and the analytical model is simplified from Eq. (8)
to Eq. (12). Further, it is convenient for control research
considering the entire wind power generation system in the
future.

2) From Fig. 10, the original high frequency oscilla-
tion response is transformed into a low frequency constant
response, which is convenient for analysis.

3) With strong scalability, relevant criteria can be defined
to evaluate the dynamic performance of the system based on
the above analysis. And the relevant details will be discussed
in the following Sections.

Ill. ANALYTIC EXPRESSION OF DYNAMIC PERFORMANCE
A. MOTION EQUATION BASED ON TAYLOR EXPANSION OF
LOAD ANGLE

To obtain the asymptotic solution of Eq. (12), the load angle
8 can be expanded into first-order Taylor series at the oper-
ating point §,0:

s$inde = fico + fie18 + 0(3¢) (13)

with, fi.0 = sin 8,0 — 840 COS 8x0, fcl = €COSBr0, kK = 1, 2.
When 0 < 8,9 < 7/2, WMGB is in the stable operation
range, and the derivative of f,.o with respect to §,o can be
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obtained as follows:

Do _ g sinsey > Lx0
d8.0 K0 k0 d.0

Thus, fio > fi0(0) = 0. Further, it can be concluded that
both fio and f,| are greater than O when 0 < 8,0 < 7/2.
Substitute Eq. (13) into Eq. (12), and it can be rewritten as:
5‘1 +a18 — P1éa+y =0
52—a25~+,32(§2+y2 =0

©0)=0, &€ (0, %) (14)

(15)

And the corresponding homogeneous equation of Eq. (15) is:

§1+05151 —B162=0 (16)
8 — a8+ P26y =0

with,

ar = fuTui,  Bi =faTun,
Y1 = fioTmir — f20Tm22 — T _eq
a = fmiTuz, B2 =faTuoi,
2 = —f1oTm12 +f20Tm21 — Te_eq

B. UNIFIED SOLUTION OF THE MOTION EQUATION
BASED ON TAYLOR EXPANSION OF LOAD ANGLE
According to the theory of differential equations, the solution
of Eq. (15) includes two parts: the general solution of homo-
geneous equation (16), and the special solution of Eq. (15),
ie.

8 =8 + 6 (17)

The general solution of the homogeneous equation (16) can
be assumed as:

ISl = aj sin (wot + @) (18)

8y = ap sin (wot + @)
where, a; and a, are the amplitudes; wg and ¢ are the natural

frequency and initial phase, respectively.
Substitute Eq. (18) into Eq. (16) to get:

o — w} —B1 a| [0
A Y 1Y B

When the system vibrates, system (16) has a nonzero solu-
tion, then the determinant of the coefficient matrix must be 0,
ie.:

wy— (@1 + B+ (@ —mp) =0 (20)

It can be obtained from Eq. (20):

[ w3, =(C+D)/2

W} = (€= D)2 @b

with C = a1 + B2 > 0, D = (V(a1 — B2)? + 4aaf1) > 0.
where, wg; and wpp are the 1% and 2" natural frequency of
system (16).

Combine Egs. (12), (13), (16), and (21), we can get:

C? - D?* = (C + D)(C — D)
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GoNsiNoJyh + piaNat I
= fitiTm1Tmz - >0
GoJiJmdn
(22)

C+D > 0,s0C-D > 0, a)gl > a)g2 > (), therefore,
Eq. (20) has four roots: +wq; and +wy,, we only take positive
roots: wopi, wez, and wo; > wy.

Substitute wo; and wgy into Eq. (16), the 1% and 2" main
modes of the system are obtained as follows:

1

a(1 ) B1 B2 — w%l

(12 1 01 (23)
2

al? Bi By — w2,

a2 o] — (1)02 2

Let ¢ = A; and ¢ = Ay, th 1 soluti
> = 1 an Cl2 = 2, the genera solution

of homo-geneous differential equation (16) is calculated as
follow:

(24)

81 = ¢1A; cos(woit + T'1) + &4z cos(woat + I'2)
Sz = Aj cos(woit + I'1) + As cos(wppt + ')

where, A1, A, Aj, and A, are the undetermined coefficients,
which can be determined by the initial conditions of the
system (16).

Let 6] = Cy, 85 = C», and substitute them into Eq. (15),
the special solution of Eq. (16) is calculated as follow:

[cl = —(B1y2 + o))/ (a1 B2 — 2 B1)

(25)
Co = —(ar1y2 + axy)/(a1 B2 — a2 8)

Based on the above analysis, the asymptotic solution of
Eq. (12) can be obtained:

81 = Q1A cos(wort + ') + A2 cos(wpat + 12) 4+ C
02 = Ajcos(wort 4+ I'1) + Az cos(wpat +1'2) + C
(26)

Thus, the expression of magnetic torque of CMGs can be
further obtained:

Tinag_« = Ty sindy (27)

where, T4¢ « i the magnetic torque of the ™ CMG.

C. DYNAMIC PERFORMANCE CRITERIA -OVERSHOT

The stable operating points of system (15) can be easily
obtained by analyzing its response expression Eq. (26):

8ty = —(Bry2 + Bay1) /(@1 B2 — a2 i) (28)
83 = —(a1y2 + cay1)/ (1 B2 — a2 B) (29)

It is noticed thaté}, = Cy, 85, = C>. In connection with
Eq. (26), this also indicates that if WMGB is exerted by exter-
nal nonlinear shock, its dynamic response is an oscillation
near a pair of stable operating points.

To further determine the magnetic torque fluctuation of
CMG:s, it is necessary to evaluate the overshoot of the load

109044

angle and magnetic torque. The expression of overshoot of
is given as follows:

Overshoot[¥] = max{Vmax — Y0, Vo — Imin} /D0 x 100%
(30)

where, ¥ represents 8, O Tynag_«c; Ymax and Py are the max.
and min. values of ¥, respectively; ¥ is the value at the stable
operating point.

Then, the quantitative evaluation will be conducted based
on Eq. (30) for the fluctuation of load angle and magnetic
torque.

IV. MODEL VALIDATION AND DYNAMIC PERFORMANCE
ANALYSIS

To validate the proposed analytical method based on load
angle Taylor expansion, it is necessary to simulate the
dynamic behavior of the proposed two-stage WMGB which
parameters are listed in Table 1.

The operating condition of two-stage WMGB is complex
and variable, especially the FSMG is extremely vulnerable
to time-varying shock from the turbine rotor side. And due
to the large-inertia and soft-magnetic characteristics of the
transmission system, only the situation where the LS rotor
angle changes suddenly are considered below [18]. Other
situations will not be discussed specifically here.

Thus, two different states evaluation criteria are defined to
represent the initial state of WMGB after being shocked by
transient wind load:

Statel : §1(07) = (1 4+ x)81(07) 31)
State2 : §;(07) = 8;(07) + AS; (32)

where, “0~ and “0%” are the very short time before and
after the instantaneous shock, respectively. State I indicates
that the load angle §; of FSMG becomes (14 ) times after
instantaneous shock. While State 2 indicates that the load
angle §; of FSMG increases or decreases by Ad; after shock.
The definitions of two different state evaluation criteria can
be used to better evaluate the dynamic performance of the sys-
tem and the change trend with various physical parameters.

To facilitate understanding, the flow chart of nonlinear
dynamic analysis of WMGB based on load angle Taylor
expansion is shown in Fig. 13. The specific analysis pro-
cess includes four parts: Modelling, Solution, Definition and
Analysis.

A. COMPARISON OF DYNAMIC RESPONSES OBTAINED BY
R-K METHOD AND THE PROPOSED METHOD

To evaluate the effectiveness of the analytical method, the
dynamic response of the two-stage WMGB is solved by
R-K method and the proposed analytical method [28]. If the
WMGB operates under rated operating conditions, when
the transient shock (Statel, and x = 10%) occurs, the
load angle and magnetic torque response of different CMGs
can be obtained by the above two methods, as shown in
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FIGURE 13. Flow chart of the proposed dynamic analysis method.

Fig. 14(a)-(d). For the convenience of observation, the mag-
netic torque in Fig. 14(c) and (d) are per unit values. From
that, the solutions of load angle and magnetic torque based on
R-K method is highly consistent with the proposed analysis
method, but the proposed analysis method does not need to
solve complicated differential equations and is more conve-
nient to calculate. The load angle and magnetic torque have
the same vibration frequency. And the dynamic responses of
FSMG are sinusoidal, but the fluctuation of load angle and
magnetic torque of SSMG are smaller than FSMG. According
to Eq. (26), it can be obtained that the 15! mode ¢ is much
greater than the 204 mode 2, thus, the influence of ¢, on
FSMG can be ignored.

The influence of physical parameters on the dynamic per-
formance of WMGB can be further analysed by Eq. (30).
Thus, the variation law of the overshoot of load angle
and magnetic torque under different operating conditions is
studied.

B. DYNAMIC PERFORMANCE ANALYSIS AND EVALUATION
1) MAXIMUM POWER POINT TRACKING AREA

(Veut—in =V < Vn)

In this MPPT area, the wind speed V is less than rated wind
speed Vy, so different wind speeds correspond to different
driving torques T,,. Accordingly, the dynamic characteristics
of the transmission system are also different when under
different torque conditions. Therefore, it is necessary to eval-
uate the dynamic characteristics of the system under different
torque conditions. The actual load capacity of WMGB related
to T,, is defined as follows:

K¢ =Tw/Tni (33)

where Ty is the nominal torque of FSMG.

The change law of overshoot with different physical
parameters is studied according to Eq. (30) based on R-K
method and the proposed method. Thus, Fig. 15 and Fig. 16
show the change of overshoot with actual load capacity Kg
under State 1 (x = 10%) and State 2 (AS; = 2°). From
Fig. 15, K¢ has little influence on the overshoot of load angle
of CMGs under Statel. This shows that when the external
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disturbance causes §; to change with the same proportion,
the correlation between the overshoot of the load angle and
K¢ can be ignored. Meanwhile, when K;<0.4, the overshoot
of magnetic torque changes slowly, while K > 0.4, the one
decreases rapidly with the increase of K.

On the contrary, from Fig. 16, under State 2, when Kg <
0.4, the overshoot of both load angle and magnetic torque
decreases rapidly with the increase of K, while Kg > 0.4,
it changes very slowly. And the overshoot of load angle
and magnetic torque of FSMG and SSMG are relatively
close. Since the external disturbance directly exerts on the
low-speed axis of the FSMG, the overshoot of its each param-
eter is always higher than that of the SSMG. From Fig.15
and Fig. 16, with the increase of K, the stable operating
points of the system will be closer to the critical stable area
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FIGURE 15. Relation between physical parameters and actual load
capacity. (Under State 1).

in Fig. 8, and the operating performance of the system will
also be more superior. It can be found that under normal
light load conditions (especially K > 0.5), the overshoot
of magnetic torque of all rotors are less than 10%; while
under light-load conditions (especially near the cut-in wind
speed), the overshoot of magnetic torque and load angle of
FSMG is larger. In fact, the large overshoot only exists at the
initial period of the work process. It can be concluded that
the proposed two-stage WMGB can meet the requirements
of wind power application.

2) CONSTANT POWER CONTROL AREA (Vy < V < Veyt—out)
In this area, the wind speed is less than the cut-out wind
speed Veur—our, the driving torques 7, will be controlled
on purpose to keep at its rating. Thus, the design overload
capacity of FSMG/SSMG has an important influence on the
dynamic response of the system. The design overload capac-
ity of the P (k =1, 2) CMG is defined as follows:

KK = TM/C/TNK (34)

where, Ty and Ty, are the stall torque and nominal torque
of the k" CMG, respectively.

Here, K, is a system parameter, and its value will affect
the inertia of different rotors directly. Assuming that there is
a linear proportional relationship between inertia and design
overload capacity K, then the expression of the inertia of
different rotors can be derived from Table 1:

J; = 95000K /3
Jm = 200000K1 /7 + 100000K> /21 (35)
Jp = 12500K; /3

Similar to the analysis method in MPPT aera, Fig. 17 and
Fig. 18 show the change of overshoot with design overload
capacity K1 and K3 in the constant power control area. From
Fig. 17, K7 and K> have little effect on the overshoot of the
load angle of the FSMG in State 1. As for the overshoot of
magnetic torque of FSMG, its increase will slow down with
the increase of K, but will not change with the variation of
K>. With the increase of K, the overshoot of the load angle
and magnetic torque of SSMG decreases gradually, and then
tends to a constant value. Contrarily, the overshoot of the
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load angle and magnetic torque of SSMG increases with the
increase of K», which has a good linear relationship.

From Fig. 18, in State 2, the overshoot of load angle and
magnetic torque of FSMG have a linear positive correlation
with K7, while those of SSMG do not change with Kj. Dif-
ferent from the abovementioned results, the overshoot of load
angle and magnetic torque of SSMG have a linear positive
correlation with K>, while those of FSMG do not change
with K». This also reflects that under State 2, the overshoot
of the «™ CMG is only affected by K. Therefore, it can be
concluded that both in State I and State 2, the overshoot of
FSMG is not affected by K5.

C. DISCUSSION

According to the dynamic response results, the proposed
model (15) can be conveniently to analyse the dynamic
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TABLE 2. Comparison of two different analysis method.

16 18 2.
K.

0

Operation Solution Conclusion
Method P ! Accuracy utt ust Scalability
speed type type
R-K Slow Higher Numerical Qualitative Weak
Proposed Fast High Analytical Quantitative Strong

response of WMGB. Compared with (8), the dynamic
responses can be applied directly by Egs. (26) and (27) with-
out solving complex differential equations, which improves
the computational efficiency. Moreover, the natural frequency
of the system can be easily obtained by the asymptotic expres-
sion (26), which provides raw data for the vibration analysis
in the future.

The dynamic performance analysis results under different
operating conditions shows that the results obtained by the
proposed method are consistent with those obtained by R-K
method. From Fig. 15 to Fig. 18, in the normal operating area,
the overshoot of magnetic torque is less than 10%, which
also verifies the effectiveness of two-stage WMGB applied
to wind turbines [29]. In addition, the conclusions obtained
from the dynamic performance analysis can provide a basis
for the re-optimization of WMGB.

In addition, the definition of performance and state eval-
uation criteria makes it convenient to quantitatively analyse
the dynamic performance of WMGB. In this paper, only the
case of the changing of load angle is studied when subjected
to transient shock. However, according to the general steps
of the proposed analysis method, the study scope can be
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extended to other cases, such as the dynamic performance
analysis under sinusoidal load disturbance.

Finally, a comparison between the proposed method and
the R-K method is shown in Table 2.

V. CONCLUSION

This article presents a nonlinear analytical approach for eval-
uating the dynamic characteristic of the multistage magnetic
gearbox for wind turbine. And the following conclusions can
be drawn:

1. The dynamic performance of magnetic gearbox varies
due to the changes of operating conditions. Especially
under constant load angle disturbance, the overshoot of
magnetic torque of every coaxial magnetic gear is only
affected by its own design overload capacity and has a
good linear relationship. In addition, the analysis result
also verifies the feasibility of magnetic gearbox applied to
wind turbines and provide a basis for its re-optimization.

2. Itis necessary and effective to define the performance and
state evaluation criteria for quantitative evaluation of the
dynamic performance of magnetic gearbox. This paper
only considers the case where the load angle of first-stage
coaxial magnetic gear changes when subjected to transient
shock. However, according to the proposed method, the
analysis scope can be extended to other cases.

3. Reviewing the solution process, the proposed method in
this paper can directly obtain the dynamic response of
load angle and magnetic torque by the asymptotic expres-
sions, which simplifies the analysis process. In addition,
the dynamic response result verifies the accuracy of the
proposed method and the rationality of the two-stage
WMGB applying to the wind power generation system.
Due to the sophisticated dynamic characteristics of the
multistage magnetic gearbox, its system-level control feed
into the actual operating conditions is considered a chal-
lenge. Thus, a dynamic performance study considering the
influence of controller will be conducted in future work.
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