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Abstract: Under the condition of load changing, the magnetic field of traditional permanent magnet
generators (PMG) is hard to be adjusted, and the mechanical bearings are significantly worn.
To overcome the drawbacks above, a novel hybrid excitation bearingless permanent magnet generator
(HEBPMG) is proposed in this paper, which has integrated the merits of hybrid excitation permanent
magnet generators and magnetic bearings. Firstly, the structure and winding configuration of
the HEBPMG are introduced, and then the principles of radial suspension and power generation
are presented. The suspension principle as well as power generation principle is analyzed in
this paper. Then, the flux linkage and induced voltage equations are derived, and the accurate
mathematical model of radial suspension force is built based on the Maxwell tensor method.
Subsequently, by means of the finite element analysis software-ANSYS Maxwell, the corresponding
electromagnetic characteristics are analyzed to verify the correctness of the mentioned models.
In addition, a compensation control strategy based on flux-linkage observation is proposed to solve
the problems of unstable suspension force and generating voltage under variable load condition
in this paper. Meanwhile, the corresponding control system is constructed and its feasibility is
validated by simulation results. Finally, an experimental prototype of a 2.2 kW HEBPMG is tested.
Experimental researches show that the HEBPMG can operate steadily under variable load condition
and possess good suspension performance and power generation quality.

Keywords: permanent magnet generator; bearingless motor; hybrid excitation; mathematical model;
compensation control

1. Introduction

Traditional permanent magnet synchronous generators (PMSGs) have the advantages of simple
structure, high efficiency, high power factor, reliable operation and so on. They are widely applied
in the wind turbine, gas turbine generator, aviation electric power source, hybrid vehicles, and
flywheel energy storage system, with the operation reliability of the PMSG paramount [1]. However,
in conventional PMSGs, the mechanical bearing is used to support the shaft, which causes heavy
mechanical wear with the increase of rotation speed and limits the load capacity [2]. The bearing
represents a bottleneck in achieving high-speed and ultra-high speed operation of the transmission
system. Until the 1980s, the emergence of the bearingless motor extended the bearing service life of
the generator and reduced the maintenance costs, while weakening the influence of bearing failure.
Current researches mainly focus on the electromotion-state of the bearingless permanent magnet
synchronous motors (BPMSMs) [3]. Because of their excellent starting and generating performance,
the generating state is another working pattern for the BPMSM, namely bearingless permanent magnet
generator (BPMSG), which is still in a preliminary exploratory stage and will be a hotspot in the future.
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Due to the poor field adjustment ability of PMSG, the regulation of magnetic fields has been
a hot research topic. It is an effective way to solve the problem by increasing the auxiliary electric
excitation to adjust the magnetic field. In [4], a hybrid excitation type synchronous machine is
presented by Nobuyuki Naoe et al., which has both permanent magnet and wound fields on the
same shaft. Xiaogang Luo and Lipo A [5] proposed a synchronous permanent magnet hybrid AC
machine. Juan A. Tapia et al. [6] designed a consequent pole permanent magnet machine with field
weakening capability. However, there exists a coupling effect between permanent magnetic field and
electric excitation magnetic field caused by the magnetic circuit structure of these motor. In addition,
in [7,8], a hybrid excitation claw-pole synchronous generator with series magnetic circuit and a hybrid
excitation claw-pole alternator are investigated, respectively. Their rotors are composed of permanent
magnetic parts producing electricity and electrical excitation parts regulating voltage, and they are
installed coaxially. By adjusting the exciting current, the air gap magnetic flux can be changed to
realize the purpose of voltage stabilizing. However, these structures will cause defects in the resultant
assembly process and high maintenance costs, aggravating the burden of the rotor, and reducing
power density.

In this paper, a novel hybrid excitation bearingless permanent magnet generator (HEBPMG),
in which the bearingless technology is utilized to realize the radial suspension and a set of excitation
windings is added on the stator to compensate the synthesis of the magnetic field, is proposed.
The structure of the HEBPMG and the operating principle are analyzed in Section 2. The voltage
equations and the accurate mathematic model of suspension force are derived in Section 3. What is
more, the correctness of the model is verified by finite element analysis (FEA). In terms of the instability
suspension force and power voltage under variable loads, a compensation control strategy based
on flux-linkage observation is proposed in Section 4. In Section 5, the corresponding digital control
experiment platform is constructed. The simulation and experiment results verify the validity of the
theoretical analysis and the effectiveness of the control system.

2. The Operation Principle and Structure of the HEBPMG

2.1. The Motor Structure and Windings Distributions of the HEBPMG

The radial profile sketch of the HEBPMG is shown in Figure 1. The HEBPMG adopts 36 stator
slots, and there are three sets of windings dividing into two layers in the stator slot. Bottom layer
windings are the generation windings, which are the distributed windings with three slots per pole and
per phase form adopted. In a counter-clockwise direction, the winding phase sequence arrangement
is Al+, B1—, C1+, A1—, Bl+, C1—, A2+, B2—, C2+, A2—, B2+, C2—. For this arrangement, when
the generation winding current is induced, the 2-pole-pair air gap magnetic field can be generated,
which is equal to the pole number of the permanent magnet air gap magnetic field. In the upper layer
windings, symbol X1+, Y1—, Z1+, X1—, Y1+, Z1—, X2+, Y2—, Z2+, X2—, Y2+, Z2— and a+,b—, ¢+, a—,
b+, c— represent the exciting windings and the suspension force windings, respectively. Specifically,
exciting windings X+ are arranged in the upper layer of the first slot among the three slots where
the generation windings A+ are arranged in the bottom layer, and suspension force windings a+ are
arranged in the upper layer of the second and the third slots. Generation windings B— are arranged in
the bottom layer of the next three slots, in which the exciting windings Y— are arranged in the upper
layer of the first slot, and the suspension force windings a+ are placed in the upper layer of other two
slots. The exciting windings a+ slot here together with the above two a+ slots form an intact exciting
windings a+. Taking three stator slots as an example, one exciting winding and two suspension force
windings are arranged alternatively. By means of this winding structure, 1-pole-pair suspension force
winding air gap field and 2-pole-pair generation winding air gap field can be generated to satisfy the
principle of suspension for the HEBPMG [9]. The pole pairs of exciting winding air gap field is the
same as that of the generator winding air gap field to realize the compensation and weakening effect
for the resultant magnetic field.
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Figure 1. The structure and windings distributions of the hybrid excitation bearingless permanent
magnet generator (HEBPMG).

2.2. The Suspension Principle of the HEBPMG

In the HEBPMG, the given current signal of the suspension force windings is adjusted by real-time
detecting the rotor radial displacement signal based on position sensor to realize self-aligning control.
The suspension principle of HEBPMG is shown in Figure 2. Taking A-phase generation windings and
a-phase suspension force windings as an example, the 2-pole-pair generator windings Ng, and the
1-pole-pair suspension force windings N, are wound around the stator slots. When the suspension
force windings are not energized, the air gap resultant magnetic field ¢, consisting of the induced
generation winding magnetic field and permanent magnet magnetic field, are spatially symmetric
distributions. Then, according to Maxwell’s stress tensor, the radial suspension force Fp, is zero.
The 1-pole-pair air gap flux ¢ is generated when current is injected into the suspension force windings.
As aresult, the flux density is increased in the left and decreased in the right. Then the radial suspension
force, namely Maxwell resultant force, Fy, is obtained which points to the negative direction in the
x-axis. A radial suspension force toward the positive direction of the x-axis can be acquired with
a reverse current. Similarly, the radial suspension force in the y-axis can be obtained by providing
corresponding current in the other windings. In summary, it is aimed to realize the rotor stable
suspension based on radial displacement and the suspension force winding current closed-loop control.
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Figure 2. The suspension principle of HEBPMG.

2.3. The Power Generation Principle of the HEBPMG

Compared with the traditional PMSG, HEBPMG has the same principle of power generation.
Under driving of the prime motor, three phase induced currents can be generated by cutting magnetic
induction lines of the permanent magnet rotation field. Figure 3 shows the external circuit of HEBPMG.
The current flows into the load, generating voltage at both ends of the load. Where C represents
capacitive load, Z represents resistance-inductance load, V represents breaker.
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Figure 3. The external circuit of HEBPMG.

Exciting magnetic field @. will be changed by injecting the current in the exciting windings Nex
to realize the magnetic-field compensation. As shown in Figure 4a, when the load is increased, air
gap resultant magnetic field is weakening. To maintain stable operation, a strengthened excitation
magnetic field must be provided. At this time, the direction of the exciting winding magnetic field is in
accordance with that of the air gap resultant magnetic field. On the contrary, when the load is decreased,
an excitation magnetic field in the opposite direction will weaken the resultant magnetic field. Thus,
the quality of the power generation will be improved by adding the excitation magnetic field.
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Figure 4. The excitation principle of HEBPMG. (a) The synthesis of magnetic field is compensated by
excitation magnetic field; (b) The synthesis of magnetic field impaired by excitation magnetic field.

3. Mathematical Model of HEBPMG

3.1. Mathematical Model of Inducted Voltage
The equations of the flux linkage in the HEBPMG can be expressed as

wa = —Laaia — Mabib — Macic — Mafdifd + lppma

Yo = —Mbpala — Lbblb — Mpcic — Mbfditd + Ppmb

P = —Meaia — Mepip — Lecic — Megditd + Ppme
P4 = —Midala — Mtdpip — Midcic — Liditd + Ppmid

)

where Laa, Lpp, Lec are self-induction of three phase generation windings. M,y = Mp,, Mpe = M,
Mea = My are mutual inductance of three phase generation windings. M4, = Matd, Miqp = Mpgg
are mutual inductance between the generation windings and the excitation windings. Furthermore,
Wpma, Wpmb, Wpme are flux linkage generated by three generation windings and Ypmsq is the excitation
winding flux linkage.
The equivalent circuit of the HEBPMG is shown in (Figure 5), and voltage equation can be
expressed as
ity = dipg/dt + Rl )

where 115 = [ua up uc usg]" is voltage matrix in which u,, 1y, u. are the generation windings voltage
at both ends and ugq is the excitation windings voltage. [ = [i, iy ic igq]" is current matrix in
which iy, #,, ic are the current of the generation windings and igg is the excitation windings current.
Rg = [—r —r —r —rg4] is the resistance matrix in which 7 is the generation windings resistance and r¢g
is the excitation windings resistance. s = [V Pp Pe Pg]T is flux linkage matrix in which VP, Y, P
and ¢4 are the generation windings and the excitation windings, respectively.
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Figure 5. The equivalent circuit of HEBPMG (a) The equivalent circuit of power generation; (b) The
equivalent circuit of excitation.

3.2. Mathematical Model of Radial Suspension Force

According to the electromagnetic field theory of the HEBSG, the resultant air gap magnetic field
is generated by the generation windings, the permanent magnet, the suspension force windings and
the exciting windings. The pole-pairs of the generation winding magnetic field, the permanent magnet
and the exciting windings are identical, which can be represented as pg, and the magnetic field of the
suspension force windings is pg-pole-pair. Above all, there are only two types of magnetic motive
force (MMEF) in the air gap for the HEBPMG. The fundamental component of MMF can be expressed as

fG((P/t) :fl ((P,t)+ff((P,t)+f3((P,t)

= Fimcos(wt — pge — 1)

3
+Fimcos(wt — pce — i) ®
+F3mcos(wt — pge — 01)

f2(@,t) = Famcos(wt — ppe — A1) 4)

where, Fipn, Fim, Fom, F3m are the fundamental component amplitude of the air-gap MMF produced
by the generation windings, the permanent magnet, the suspension force windings and the exciting
windings, respectively. Meanwhile y1, yif, A1, 01 are the initial phase angles of corresponding MMF
fundamental wave, respectively. ¢ is the space angle. w is the electric angular frequency of the
generation windings current and the suspension force windings current.

According to the theory of Electrical Machinery, the value of Fin,, Frn, Fom, Fam is

L. — 34Vv2Nilikai 3 4 V2 Nohkgy

Im = 2772 rG T 2m 2 VB (5)
[ — 34Vv2Nilcka g, _ 34 v2Nalkas

fm = 272 rG m — 27 2 rG

where, k41, kg and kg3 correspond to the fundamental wave windings factors of the generation
windings, the suspension force windings and the excitation windings, respectively, N1, N, and N3 are
the turn numbers in series of each phase of the generation windings, the suspension force windings
and the excitation windings respectively. I is the induced current in the generation windings, I, and
I3 are the current injected respectively into the suspension windings and the excitation windings.
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I represents the synthesis of current including the generation windings induced current, the excitation
windings induced current and the equivalent current of permanent magnet.

Because the relative permeability of the stator core and the rotor core is much larger than that of
air, the magnetic resistance of stator core and rotor core can be neglected. The air gap flux density can

be obtained as
B(@,t) =B(¢,t)+B(et)

= B os(wt — po — n) + B cos(wt — po —A)

(6)

5 = 8¢ as the rotor is non-eccentricity. Considering the rotor eccentricity, the distribution
of the air gap length is unbalance as shown in Figure 6. The air gap length in any direction is
8(¢) =8 — e-cos(@ — @s).

rotor ,
/
Ps
\i

Figure 6. The definition of rotor eccentricity.

According to the Maxwell tensor method, the radial suspension force per unit area along an
electric angle ¢ on the rotor surface can be expressed as

_Blet) . _ Blot) (Irde) )

21y 2

dF(e)

where, [ is the effective iron core length of HEBPMG, r is the rotor radius. For the HEBPMG
(rc =2,ps =1), it is computed by the integral for Formula (7) with ¢ from 0 to 271, and can be
simplified as
Fc =kmlglhcos(pt—Ap)
+hnl3 [x + 7”3(22+y2 - cos(2wt — 2A\; — arctan? )]
Fy = kmlghsin(pn—Aq)

/%2 2
+hnl [y + x;y - cos(2wt — 2\ + arctan? )]

®)

212
_ 9 HolrN1 Nokgrkgo _ 9 MolrNikg
Among them, kp, = 5 —~ skn =7 p—

3.3. FEA Analysis of HEBSG

According to the structural model and working principle of the HEBPMG, the finite elements
model is built utilizing ANSYS software for dynamic electromagnetic performance simulation. The
structural parameters of the prototype are optimized through the analysis of parameterized, as shown
in Table 1. The flux density cloud map and the distribution of magnetic field lines of HEBPMG are
shown in Figure 7.
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Figure 7. The finite element model of HEBPMG (a) Flux density cloud map; (b) The distribution of
magnetic field lines.

Table 1. Structural parameters of the prototype.

Symbol Quantity Value
Q Stator slot counts 36
Dg1 Outer diameter of stator 180 mm
Ds; Inner diameter of stator 110 mm
Dy Outer diameter of rotor 98 mm
Dyy Inner diameter of rotor 30 mm
Lg Radial length of air-gap 1 mm
l Axial length of rotor 50 mm
p Rated power 22kW
Stator slot full rate 0.75
I Suspension force winding current 5A
P Windings wire diameter 0.71 mm
Material of stator and rotor D32_50
Material of permanent magnet rotor NFeB35
Magnetization of permanent magnet rotor parallel magnetization
ha Auxiliary bearing thickness 0.7 mm
Pum Pole-pair of generation windings 2
Py Pole-pair of suspension windings 1
Pg Pole-pair of excitation windings 2
Ny Turns in series of each phase of generation windings 40
Nj Turns in series of each phase of suspension windings 60
N3 Turns in series of each phase of excitation windings 40
] The rotational inertia 0.00059 kg-m?

The PWM rectifier circuit shown as Figure 3 is connected to the generation windings of the
HEBPMG. The PWM rectifier system can not only realize the adjustment of DC side voltage, but
also enhance the power factor of the generator on the AC side, and reduce the harmonic of the
generator current. Moreover, the flux linkage of the generation windings varies with the change of
rotor position angle, which can generate back electromotive force (back-EMF). Then the induction
current is generated and the voltage is formed on the load when the winding forms a return circuit, as
shown in Figure 8.
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Figure 8. The load current and voltage of Pulse Width Modulation (PWM) rectifier circuit.

The mathematical model derived in the second section can be validated by using the parameters
in Table 1. The correctness of the model can be verified without rotor eccentricity in Figure 9. The
radial suspension force on the permanent magnet rotor increases linearly with the increase of the
suspension force windings current. However, on the other side, the increased speed of the suspension
force value becomes slow and nonlinear due to saturation magnetic fields.

350
—-FEA without rotor eccentricity
300 -#-Model calculation without rotor eccentricity
FEA with rotor eccentricit
250 Y
2\ -%Model calculation with rotor eccentricity
2200
2
<
150
100
50
0

0 1 2 3 4 5 6 7 8 9 10
Current (A)

Figure 9. The relationship between radial levitation force and levitation force winding
current amplitude.

According to the results of the simulation, the angle between the vectors of the suspension force
and the x-axis is 128° without rotor eccentricity. The rotor position angle is set to —52° which is the
opposite direction of the suspension force. Therefore, the unilateral magnetic force and the controllable
suspension force are in the opposite direction. When the suspension force current amplitude is small,
the unilateral magnetic force plays the leading role in the radial suspension force. However, the
controllable suspension force gradually increases with the increase of current, and there will be a
point when the controllable suspension force is equal to the unilateral magnetic force. Then, after the
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balance point, the controllable suspension force continues to increase until it occupies the main part,
the composition radial suspension force tends to be linear growth. Also, when current reaches a certain
degree, there will be the trend of magnetic saturation. In general, conclusions can be drawn from the
dynamic analysis of the simulation waveform and the established mathematical model is accurate.

4. Control System of the HEBPMG Based on Flux Observation

In fact, the generator normally operates under the variable load condition, which causes instability
of the suspension force and generating voltage. The air gap magnetic field used to generate power is
determined by the permanent magnet, the generation windings and the excitation windings. Therefore,
the generating performance can be improved by adjusting the amplitude of the excitation current
for compensating the variable air-gap magnetic field. What is more, the stability of suspension force
can be obtained by observing and adjusting the magnetic field generated by the suspension force
windings. In consequence, flux-linkage observation is the key to controlling the suspension force and
the generated voltage [10,11].

The flux-linkage of the generation windings, the excitation windings and the synthesis air gap
flux-linkage can be observed with the following equations.

Usio = [ (1o — Ryfra)dt Vsao = [ (430 — R3ize)dt
Vs = [ (mp — Rifip)dt | g = [ (usp — Raizp)dt

/ / )
lI)sl = 11)51[32 + wslcxz 1~|"53 = l~|)s3[_’>2 + 1|)53¢x2
H1 = ardan(‘bslﬁ /Ll)slcx) 01 = arctan(lbs35 /11)530()
¢ = arctan(Pg1 + W3p /Ws1atWs3a) (10)
Yita = Csia + V30 — Lyjite — L3jiza
Yiip = Ws1p + Ws3p — Lufip — Lajisp a1

Y1 = \/m
w = arctan (Y1 o / V1)

where {51, g are the flux-linkage amplitude and phase of generation windings. ;3 and 6 are the
flux-linkage amplitude and phase of excitation windings. { is the resultant flux-linkage phase of the
generation windings and the excitation windings. {1, y are the amplitude and phase of the resultant
flux-linkage, L; and Lj; are the leakage inductance of the generation windings and the excitation
windings.

The flux-linkage observation to the suspension force windings is as follows: s, A; are the
flux-linkage amplitude and phase of the suspension force windings.

e = ] (12~ Rezo)el

= | (g — Rz
ol = /2o + s
A = arctan(Vgp /Psw )

(12)

When HEBPMG is operating stably, the rotor eccentricity is small enough to be neglected. The
simplified equations of suspension force are as follows
Fo = kmIglhcos(pn — A7) (13)
FB = kaGIQSin(p - )\1>

While substituting {1 = IgLm, Psp = I2Lp into the equations, the expression of suspension force
on the current can be converted into an expression on the flux-linkage. The self-inductance of the
excitation windings and the suspension force windings can be expressed as
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2 2
Ly = uoTZl;Nl Lg = “UZI;)NZ , and then
— kb g ;—2__cos(i—Ap)
F« my¥Yml¥s2| N2 Mo“’gNl po7elrNy? (14)
FB = kmlbmlleZ o TEIT’Nl mmn(u B Al)

Substituting the value of kn, the estimation value of suspension force based on flux-linkage
observation can be derived

(15)

Fo = kwll’mﬂl’szCOS(H - }\1)
Fp = kwbmibssin(p —Aq)

— _ 72%kg1kqp
where ky = — rolrN, N;

Based on the strategy of the flux-linkage observation, the performance of suspension force and
the generating voltage can be compensated under the variable load condition. Its control system block
diagram is shown in Figure 10. Firstly, the induced current ij, and 7y}, in the generation windings and
the excitation current i3, and i3 in excitation windings are acquired by the flux-linkage observer to
calculate the resultant flux-linkage 1513 and its phase &. After comparing the resultant flux-linkage
with the given reference flux-linkage and being modulated by the space vector pulse width modulation
(SVM) module, the switching signals for the voltage source inverter of the excitation windings is
obtained. Therefore, the magnetic field can be controlled in closed loop.

Displacement
X U
~ . pC sensor
n F Ay,
> . m *+ Force and WSZ“: p Voltage source g
* — flux linkage o | inverter of the | | HEBPMG
X + A n conversion SVM 7| suspension
\}»-7 module P P windings [T
— Ay gy — A
y FE‘ ' ; A“
21 l2a
-l
. . ) - Flux linkage o i
Stlmatlon.module of v, observer of the | 2b
suspension force | o suspension windings ~@—— U,
. p
A hal
Vo M Flux linkage - - Ly I .
observer of the [~ L3, l
generation windings | g b3 | vV Y
and the exciting + Igc .
\llsl3 g windings — Uy |Load '.I‘he rectlf.ier or
- — inverter circuit
Y
* Reference flux > | Voltage source
Y, — > linkage production SVM - inverter of the
module - P exciting windings

Figure 10. The compensation control block diagram of the flux-linkage observation.

Part of the force is controlled by radial displacement and suspension force double closed loop
control system. Firstly, the current ip, and 7y, of suspension force windings are collected. The
suspension force windings flux linkage 15, and its phase A1 is observed by suspension force windings
flux-linkage observer. At the same time, the amplitude ;1 and its phase p of resultant flux-linkage
are observed online by the generation and excitation windings flux-linkage observer. The suspension
force Fy and Fp can be calculated with these two sets of signals by the suspension force estimating
module. Then, the errors between rotor position command values x*, y* and the detection values x, y
which are observed from the displacement sensor are derived. Thus, the suspension force command
values Fo* and F* can be produced by the PID controller. The flux-linkage increment Alg o, Abgp
of the suspension force windings can be derived from the errors between the calculated values and
command values of the suspension force. Finally, the switching signals to voltage source inverter of
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suspension force windings can be obtained from the SVM module. In conclusion, the suspension force
can be controlled.

5. Simulation and Experiment

5.1. Simulation and Analysis

According to the flux-linkage observation and compensation system of flux linkage in
Figure 10, the simulation module of HEBPMG controller system is built and experimented in the
MATLAB/Simulink environment. Parameters of experiment are shown in Table 1, where the time of
simulation is set to 0.2 s and the eccentricity of rotor is (—0.6 mm, 0.8 mm).

Simulation of stepping up from zero voltage experiment, which means progress of voltage rising
from zero voltage to steady state, is shown in Figure 11. As depicted in Figure 11a,b, the original
position of rotor is (—0.6 mm, 0.8 mm). When controller of radial suspension force is activated, rotor is
set to balance location quickly after 8 ms. Maximal displacement in x-axis is 0.12 mm while in y-axis is
0.2 mm, which is accepted in eccentricity with accuracy control scheme and compensation circuits.
When stepping up from zero voltage of the synchronous generator, the automatic voltage regulator
should guarantee that the terminal voltage overshoot should not exceed 15% of the rated voltage, the
time of adjustment should not more than 10 s, the frequency of voltage fluctuation should not be more
than three times. The overshoot of voltage is 8.18% and the steady adjustment rate of voltage is 0.45%
in Figure 11c, which satisfy the basic requirements of the control system [12]. After applying load, the
output voltage returns to a steady state after 15 ms due to the modulation of excitation current. As can
be seen in Figure 11d, the capacitance, inductance and other energy-storage elements of the load are in
the charging state at the beginning of load work, then three-phase induction currents turn into steady
state after 10 ms. The winding current is obtained by rectifying action of the external circuit shown in
Figure 3. At 0 ms, closing the breaker V1 and opening V2, the generator operates under normal load
conditions and the external circuit has a certain filtering effect at that time. It can be seen in Figure 11e
that five harmonics and seven harmonics are generated by the methods of harmonic analysis under
the condition of rated load, so it is good sinusoidal and THD; = 4.59%.

0.2 1
0.1 0.8
0 0.6
0l T 04
E _0 2 E
£ 202
%.03
0
0.4
-0.5 0.2
-0.6 10 20 30 20 50 044 10 20 30 40 50
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(a) (b)
264 20
220 15
10
—~ 176} —
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EREY £ o
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44 is
0 20 10 70 50

0 10 20 t (ms) 30 40 50

(0) (d)

Figure 11. Cont.
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Figure 11. The performance of generator and harmonic analysis under normal operation. (a) Rotor
floating waveform in x axis; (b) Rotor floating waveform in y axis; (c¢) The output voltage effective
value; (d) The generation winding induced current; (e) Winding current harmonic under the rated load.

For ensuring good static and dynamic performance of the HEBPMG system, the operation
parameters of the motor must follow the command values quickly and accurately in the processes
of load connection and disconnection. The external circuit is shown in Figure 3. At 0 ms, closing
the breaker V1 and opening V2, the generator operates under normal load conditions. At 70 m:s,
opening V1 and remaining V2 as it was, the generator operates under load shedding conditions and
the filtering function of the external circuit is weakened. It can be seen in Figure 12c that many five
times harmonic and seven harmonics are generated by the methods of harmonic analysis under load
shedding conditions, so there is poor sinusoidal and THD, = 11%. At 140 ms, opening V2, the generator
operates under overload conditions. The resistance-inductance load is added in the initial external
circuit in order to enhance the filtering function. The winding current shows hardly any harmonics
in Figure 12d under overload conditions, so sinusoidal performance is improved and THD3 = 1.38%.
Figure 12 shows the results of anti-interference experiment of the HEBPMG control system based
on flux-linkage observation. The output voltage effective value is shown in Figure 12a, and the
generation winding induced current is shown in Figure 12b. When the system instantly cuts off load,
the synthesized magnetic field of the generator is weakened but voltage increases quickly, three-phase
induction currents decrease immediately and then tend to quickly become steady. The maximal
overshoot of load disturbance is 30 V. It can be seen that the overshoot of the load disturbance is about
13.6% of the rating value and the time of adjustment is 0.02 s. These results meet the related theory [12].
When the load is applied instantly, the variation of the parameters is quite the contrary. Figure 12e
indicates the whole variation progress of suspension force in x- and y-axis along with the variable
load. The compensation strategy of flux-linkage observation allows the HEBPMG to quickly respond
to commands, and the dynamic performance is improved.
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Figure 12. Cont.
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Figure 12. The performance of the generator and harmonic analysis during load disturbance. (a) The

output voltage effective value; (b) The generation winding induced current; (¢) Winding current

harmonic under load shedding condition; (d) Winding current harmonic under overload condition;

(e) The suspension force in the process of operation.



Energies 2016, 9, 673 150f 17

5.2. Experiment Result and Analysis

Based on flux-linkage observation, a 2.2 kW HEBPMG prototype is tested in Figure 13, and the
experimental results will be compared with simulation results. Parameters of the HEBPMG are listed
in Table 1. According to the control system block diagram in Figure 10, TMS320F2812 DSP is used as
the digital controller of the experimental platform to realize the compensation control of magnetic
field and suspension force. Intelligent power module (IPM) in the power board adopts Mitsubishi
PS21265 to drive these three circuit boards, which has a bootstrap circuit and protecting function.
An auxiliary bearing is installed, and the length between auxiliary bearing and shaft is 7 = 300 um.
Voltage regulators are adopted to supply voltage for suspension force windings, excitation windings
of HEBPMG and driving prime motor. VB 6.0 software is utilized for on-line adjustment of parameters
in the experiment.

g =
DC regulated power supplies
~N

= Suspension force control voltage regulator

Excitation control voltage regulator
T ¢ 7 & ”

Prime motor voltage regulator

FIETE € =y
B

Eddy current sensors

Prime motor

Oscilloscope

Figure 13. The experimental results based on compensation control strategy of flux-linkage observation.

Due to the function of gravity, the initial position of rotor is (—0.04 mm, —0.9 mm), then the
rotor returns to the balance position (0 mm, 0 mm) with the activation of the suspension control
system, as shown in Figure 14a. In the y- direction, the rising time is 1.5 s while the declining
time is approximately 1 s, maximal eccentricity is 0.3 mm and thus the maximum overshoot is less
than 33.3%, which is much smaller than the air gap at the equilibrium point (Lg = 1 mm). In the
x- direction, the vibration peak-to-peak value is approximately 0.12 mm. The deviations of radial
displacements are acceptable. The displacement in y- direction is larger than that in x- direction due to
the gravity. Thus, the eccentric displacement track diagrams are nearly-circular or elliptical, as depicted
in Figure 14b. In order to verify the feasibility of the designed HEBPMG and the effectiveness of the
proposed compensation control strategy based on flux-linkage observation, the generating voltage
and the winding current waveform under different load conditions are shown in the following figure.
Figure 14c is DC voltage in the process of operation. First of all, the generating voltage gradually
increases from start to operating stably. Then, the fluctuation errors of DC voltage are about 4% under
load shedding and overload conditions. The generating voltage restores stability after overshoot,
respectively. Meanwhile, the AC current in the process of operation is shown in Figure 14d—£. It can be
seen in in Figure 14d that the AC current will be stabilized about 15 A after reaching stable operation.
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As shown in Figure 14e, winding current amplitude is reduced in 17 s and then recovered to the
rated value in a short time through the role of compensation control under load shedding conditions.
Subsequently, it can be seen in Figure 14f that the winding current amplitude is raised in 24 s under
overload conditions. Then, the winding current is recovered to the rated value in a short time based on
flux-linkage observation too. The results above indicate that the proposed compensation and control

strategy has high accuracy, good dynamic response and satisfactory anti-interference ability.
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Figure 14. The experimental results based on compensation control strategy of flux-linkage observation.
(a) Radial displacement waveforms of x- and y-direction when the start of suspension; (b) The
relationships between radical displacement of x- and y-direction for HEBPMG; (c) Generating voltage
of HEBPMG in the process of operation; (d) The winding current waveform under rated load; (e) The
winding current waveform under load shedding conditions; (f) The winding current waveform under
overload conditions.



Energies 2016, 9, 673 17 of 17

6. Conclusions

In this paper, the motor structure and operation principle of a novel HEBPMG system are analyzed
in detail. Then, the mathematic model of induction voltage and suspension force is deduced and
tested by FEM software to prove its feasibility. A new compensation and control strategy is presented
according to flux-linkage observation. Finally, both the simulation and experimental results prove
that the proposed compensation and control strategy has satisfactory performance in adjustment of
suspension force, generating voltage and winding current. What is more, the effects on suspension
force, voltage and current caused by load variation are weakened.
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