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Abstract: Since the operation of the high-voltage line-start permanent magnet synchronous
motor (HVLSPMSM) does not need the control circuit and is directly powered by the
grid, its operating stability is easily affected by the three-phase voltage unbalance. Thus,
a 10 kV, 630 kW motor is taken as an example to study the impact of voltage unbalance on
its electromagnetic performance and vibration. First, the effect of voltage unbalance on the
torque performance of the motor is investigated using the finite element method (FEM), and
the variation rules of torque ripple and torque harmonic frequency with voltage unbalance
degree are obtained. Then, the analytical expressions of radial electromagnetic force (REF)
under normal and unbalanced voltage conditions are derived, and the rules of electromagnetic
force variation of different orders and frequencies under rated load and unbalanced voltage
conditions are determined, and the analytical results are verified by finite element results.
Finally, the motor vibration response characteristics caused by three-phase voltage unbalance
are obtained by using modal analysis and vibration harmonic response analysis. The results
indicate that the vibration performance of the motor is significantly affected by the three-
phase voltage unbalance. When the voltage unbalance degree is 6%, a vibration acceleration
amplitude of 800 Hz and 900 Hz increases by 18.03% and 78.57%, respectively.

Key words: modal, radial electromagnetic force, torque harmonics, torque ripple, vibration
harmonic response
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1. Introduction

The high-voltage line-start permanent magnet synchronous motor (HVLSPMSM) has been
widely applied in various industries, mainly due to its combination of the simplicity of operation
and easy maintenance of induction motors, as well as the high efficiency of the PMSM [1,2]. The
stator structure of the LSPMSM is the same as that of the conventional induction machine, and the
rotor contains a permanent magnet (PM) and squirrel-cage guide bar structure, and the special
rotor structure feature enables the motor to realize line-start by the squirrel-cage guide bar [3, 4].
Its normal operation does not require additional control circuits and it is directly powered by
the grid. The operating stability of the HVLSPMSM is easily affected by three-phase voltage
unbalance. Thus, studying the impact of three-phase voltage imbalance on the performance of the
LSPMSM is of great significance.

For three-phase voltage unbalance of the motor, domestic and foreign experts and scholars have
done a great number of researches. In Reference [5], the line voltage unbalance coefficient, phase
voltage unbalance coefficient and voltage unbalance coefficient are compared and analyzed for
evaluating voltage asymmetry. In Reference [6], an instantaneous simulation model is established
based on MATLAB, and the variation rules of motor starting time, current unbalance factor and
torque ripple under different voltage unbalance rates are obtained. In Reference [7], the impact
of voltage reduction on the starting operating capacity of the motor is studied. In Reference [8],
a dynamic model of the LSPMSM is established through Simulink, and the influence of short-term
interruption of three-phase voltage and transient voltage drop on the operating capacity before and
after starting are analyzed. In Reference [9], the dynamic model and the DTC model of the motor
are established through Simulink and the impact of voltage drop on the starting performance of the
motor under different control modes is studied. In Reference [10], the transient and steady-state
performance of the induction motor is studied by a complex unbalance factor. In References [11]
and [12], the steady-state operating capacity of the motor is analyzed by using the equivalent circuit.

Existing researches on three-phase voltage unbalance are mainly aimed at induction motor,
the research on HVLSPMSM is less. The power factor, starting operating capacity, operating
efficiency and temperature rise of the motor were studied more, but the operation stability and
vibration of the motor studied less. Therefore, a 10 kV, 630 kW HVLSPMSM is chosen as the
research object in this study, which analyzes the influence of voltage unbalance on the motor
torque, the REF and vibration harmonic response.

2. The definition of voltage unbalance and the establishment and
experimental verification of finite element model

2.1. Definition of voltage unbalance

The measurement of voltage unbalance degree generally has three definitions given by the
IEEE, NEMA and IEC [13]. These definitions are usually divided into the following eight
cases: single-phase undervoltage, two-phase undervoltage, three-phase undervoltage; single-phase,
two-phase, three-phase overvoltage; and the phase angular displacement of single-phase and
two-phase. In this study, the research focuses on the voltage unbalance resulting from single-phase
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overvoltage. Since the phase-voltage is easy to measure in the experiment, the degree of voltage
unbalance (VUD) can be defined by the following formula [13]:

VUD(%) =
Max

[��UA −Uavg
�� · ��UB −Uavg

�� · ��UC −Uavg
��]

Uavg
× 100%

Uavg =
UA +UB +UC

3

, (1)

where VUD(%) is the three-phase voltage unbalance degree, and UA, UB, UC are the voltages of
phase A, phase B and phase C, respectively; andUavg is the average value of the three-phase voltage.

2.2. Model and parameters
A 10 kV, 630 kW HVLSPMSM is chosen as the research object in this study. The main

parameters of the HVLSPMSM are displayed in Table 1. A two-dimensional finite element model
is established according to the motor parameters of Table 1, as shown in Fig. 1.

Table 1. Main parameters of the motor

Parameters Value
Rated power 630 kW
Rated speed 750 r/min
Rated voltage 10 kV

Number of poles 8
Axial length of the core 710 mm

Outer diameter of stator (Rst) 880 mm
Inner diameter of stator (Rro) 600 mm
Inner diameter of rotor (Rsh) 360 mm

Number of stator slots 72
Number of rotor slots 56

Air-gap size 2.5 mm

Shaft

Air gap

Stator yoke

Stator wingding

Rotor cage
Rotor yoke

Permanent magnet

 
Fig. 1. Two-dimensional FEM the HVLSPMSM
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2.3. Correctness verification of the model
To validate the correctness of the two-dimensional finite element model of HVLSPMSM, a test

platform of the prototype was built, as shown in Fig. 2. These test results include power factor,
no-load back electromotive force, rated current, no-load current and copper loss. These results
were compared with those calculated by the FEM, as shown in Table 2.

HVLSPMSM Stator

Test platformRotor
 

Fig. 2. Motor experiment platform

Table 2. Comparison of finite element results and experimental results

Parameters Experimental data Finite element data Variation rate (%)

Rated load current 38.5 A 38.6 A 0.25

Power factor 0.981 0.985 0.40

EMF 5.024 kV 5.36 kV 6.69

No-load current 6.6 A 6.58 A 0.30

Copper loss 5.87 kW 5.75 kW 2.04

According to Table 2, the errors of rated load current, power factor, no-load back electromotive
force, no-load current and copper loss of the HVLSPMSM are all within 7%. The test result of the
machine is basically consistent with the finite element result, which validates the correctness of
the finite element model of 10 kV, 630 kW HVLSPMSM.

3. The effect on the torque performance

When the motor is operating the rated load, torque is produced by the interaction of the
fundamental magnetic field, and it is a constant torque. However, due to the harmonic component
of the magnetomotive force, the interaction between the stator harmonic magnetomotive force
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and the rotor harmonic magnetomotive force can generate additional ripple torque, which is
superimposed on the constant torque and causes the motor torque ripple. Under the three-phase
voltage unbalance conditions, the stator winding current contains not only the positive sequence
component but also some of the negative sequence component. At this time, the stator winding
magnetomotive force can be divided into positive sequence and negative sequence magnetomotive
force. The torque ripple will also alter due to the change in the variation of the synthesized
magnetomotive force of the stator winding.

To more accurately analyze the torque ripple, definition Formula (2) calculates the torque
ripple. The FEM was used to compare the torque ripple under different VUDs, and the results are
shown in Fig. 3.

Trip =

����Tmax − Tmin
2Tavg

���� × 100%, (2)

where Trip is the torque ripple, Tmax is the max torque in a period, Tmin is the min torque in a period,
and Tavg is the average torque in a period.
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Fig. 3. Torque ripple of the motor

According to Fig. 3, under rated load condition, the torque ripple is 12.72%. Under the voltage
unbalance condition, the torque ripple increases significantly, and the torque ripple increases with
the increase in the VUD. The VUD is 6%, the torque ripple is 31.06%, which increases by 18.34%
compared with the rated load condition.

The motor’s three-phase voltage unbalance will not only generate a large torque ripple but also
affect the harmonic components in the torque. Thus, it is necessary to study the impact of voltage
unbalance on the harmonic components of the torque.
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The torque is the synthesis of the torque produced by the interaction between the stator and the
rotor magnetomotive force (MMF). The stator MMF of the motor can be expressed as [14]:

FA(θ, t) =
∞∑

v=1,3,5
Fv cos(vθ) cos(ω1t)

FB(θ, t) =
∞∑

v=1,3,5
Fv cos[v(θ − 120◦) cos(ω1t − 120◦)]

FC(θ, t) =
∞∑

v=1,3,5
Fv cos[v(θ + 120◦) cos(ω1t + 120◦)]

, (3)

where v is the order of the harmonic component; Fv is the v-th harmonic component amplitude of
the stator MMF; θ is the spatial angle.

The harmonic MMF of the rotor is:

Fm(θt) =
∞∑

v=1,3,5
Fmv cos(vθ − vω1t − ϕv), (4)

where ϕv is the phase angle difference of thev-harmonic MMF of the stator and rotor.
The three-phase stator MMF of the motor interacts with the rotor MMF respectively to generate

torque. The torque expression is shown in the following equation [15]:

TAv =
1
2
vKFvFmv{sin[(v ∓ 1)ωt + ϕv] + sin[(v ± 1)ωt + ϕv]}

TBv =
1
2
vKFvFmv{sin[(v ∓ 1)ωt + ϕv] + sin[(v ± 1)ωt + ϕv ∓ 240◦]}

TCv =
1
2
vKFvFmv{sin[(v ∓ 1)ωt + ϕv] + sin[(v ± 1)ωt + ϕv ± 240◦]}

, (5)

K = (µ0πDgla)/(2g). (6)
Combined with the above formulas, the synthetic torque expression of the three-phase stator

and rotor MMF can be obtained [15]:

Tv = TAv + TBv + TCv =
3
2
vKFvFmv sin[(v ∓ 1)ωt + ϕv], (7)

where v = 6k ± 1, k = 0, 1, 2, ...; g is the length of the air-gap; Dg is the average air-gap diameter;
la is the axial length of the stator core.

From the above theoretical analysis, when the motor is operating under rated load, only 6k
(k = 1, 2, 3, . . .) torque components are produced. However, when the voltage unbalance occurs,
there is a part of the negative sequence component in the current, and the fundamental magnetic
field produced by the negative sequence component interacts with the fundamental magnetic
field of the rotor, resulting in a ripple frequency of 2 f1 in the torque. In the same case, when
the harmonic magnetic field generated by the negative sequence component interacts with the
harmonic magnetic field of the rotor, the ripple torque will also be generated, and the ripple
frequency is an even multiple of the fundamental component of the torque. In summary, it can
be concluded that the negative sequence current makes a torque harmonic component of 2n
(n = 1, 2, 3, . . .) times appear.
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Fig. 4. Torque change curves and Fourier decomposition results under different VUDs

The torque change curves on different VUDs were obtained by the FEM, and the Fourier
decomposition is performed on them. The results are shown in Fig. 4.

From Fig. 4, when the motor is operating under rated load condition, the torque harmonic
component of the motor is mainly 6, 12 times, which is 6kf. When the three-phase voltage
unbalance occurs, the torque harmonic component contains 2, 4, 6, 12 times, which is 2nf. The
above theoretical analysis is well verified. The amplitude of the 2-th torque harmonic component
is larger, and its amplitude increases with the increase in the VUD.

4. The effect on radial electromagnetic force

The REF generated by the interaction of stator and rotor magnetic fields is the main vibration
source of the motor. According to magnetomotive force and the permeability method, the magnetic
field is mainly determined by the magnetomotive force and permeability. Thus, to deeply study
the electromagnetic vibration of the motor, it is essential to focus on the MMF and the air
gap permeability, and analyze the multi-harmonic magnetic field and the REF produced by the
interaction of these magnetic fields.

The MMF of the rotor PM can be expressed as:

fµ(θt) = Fµ cos (µθ − µωr t − ϕ2) , (8)

where µ is the harmonic order of the PM magnetomotive force; µ = (2k + 1)p and Fµ is the
amplitude of the magnetomotive force of the PM.

The v-th harmonic synthesized magnetomotive force of symmetric three-phase winding can
be expressed as:

fv = fAv + fBv + fCv
= Fφv cos vθs cosωt + Fφv cos v(θs − 120◦) cos(ωt − 120◦)
+ Fφv cos v(θs − 120◦) cos(ωt − 120◦). (9)
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The synthesized MMF of the stator can be expressed as:

fv(θt) =
∑

Fv cos (vpθ + ω1t + ϕ) +
∑

Fv cos (vpθ − ω1t + ϕ). (10)

Since the HVLSPMSM is a combination of the asynchronous motor and PMSM, which is
convenient for subsequent electromagnetic force calculation, the synthesized MMF of the stator
can be expressed as:

fv(θt) = Fm cos (vθ − ω1t − ϕ1) , (11)

where Fm is the amplitude of the stator MMF, vis the order of the MMF of the stator winding,
v = (6k + 1)p, k = 0, 1, 2, . . . , ω1 is the synchronous angular frequency, ω1 = pωr .

Compared with the single-slot PMSM, the LSPMSM air gap permeability not only contains
the constant component of the air-gap permeability and the slotted stator permeability but adds
the rotor tooth permeability component. Ignoring the permeability caused by the stator and rotor
slotted, the air-gap permeability can be expressed as [16]:

λk1k2 = Λ0 +
∑
k1

Λk1 cos k1Z1θ +
∑
k2

Λk2 cos k2Z2 (θ − ωr t) , (12)

where ωr is the rotor mechanical angular frequency; Λk1 is the amplitude of the k1-th stator
permeability harmonic; Λk2 is the amplitude of the k2-th rotor permeability harmonic. Z1 is the
number of stator slots.Z2 is the number of rotor slots.

When the motor is operating under rated load condition, the air-gap MMF can be obtained:

fs =
∑
v

Fv cos (vθ − ω1t − ϕ1) +
∑
µ

Fµ cos (µθ − µωr t − ϕ2) . (13)

When magnetic saturation is ignored, the magnetic density can be obtained.

b(θt) = f (θt)λ(θt), (14)

where f (θt) is the air gap magnetomotive force and λ(θt) is the air gap permeability.
According to Formulas (12), (13) and (14), the air-gap magnetic density expression of the

motor under rated load can be obtained:

bs (θ, t) = f (θ, t) λ (θ, t)

=
∑
v

FvΛ0 cos (vθ − ω1t − ϕ1) +
∑
µ

FµΛ0 cos (µθ − µωr t − ϕ2)

+
∑
v

∑
k1

FvΛk1
2

cos [(v ± k1Z1) θ − ω1t − ϕ1]

+
∑
µ

∑
k1

FµΛk1

2
cos [(µ ± k1Z1) θ − µωr t− ϕ2]

+
∑
v

∑
k2

FvΛk2
2

cos [(v ± k2Z2) θ − (ω1 ± k2Z2ωr ) t − ϕ1]

+
∑
µ

∑
k2

FµΛk2

2
cos [(µ ± k2Z2) θ − (µ ± k2Z2)ωr t − ϕ2] .

(15)
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By combining Formula (15) and the Maxwell tensor method, the REF per unit area of the
stator tooth surface can be obtained. The tangential component of the stator tooth flux density is
ignored. The radial electromagnetic force can be obtained [17]:

fr (θt) ≈
b2
s

2µ0
, (16)

where µ0 is the vacuum permeability and bs is the air-gap magnetic density.
The spatio-temporal distribution characteristics of the REF under rated load condition are

shown in Table 3. According to the values of µ and v, the REF is further summarized, and the
main REF components under rated load are obtained:

1. The REF component produced by the rotor MMF harmonic and the air-gap permeability
constant component is (2pn, 2n f ).

2. The REF component produced by the interaction of rotor MMF harmonics and air gap
permeability harmonics is (2pn± k2Z2, |2n± kZ2/p| f ), where n = 0, 1, 2, . . ., k = 1, 2, 3, . . ..

3. The REF component produced by the interaction between the stator and rotor MMF
harmonics and the constant component of the air-gap permeability is (2pn, 2n f ).

4. The REF components produced by the interaction between the stator MMF harmonics and
the constant component of the air-gap permeability are (2pn, 2 f ) and (2pn, 0 f ).

5. The REF components produced by the interaction of stator MMF and air gap permeability
harmonics are (2pn ± kZ1, 2 f and (2pn ± kZ1, 0 f ).

6. The REF components produced by the interaction between stator MMF harmonics and
stator slotted permeability harmonics are (2pn ± kZ1, 2 f ) and (2pn ± kZ1, 0 f ).

7. The REF component produced by the interaction between stator MMF harmonics and rotor
slotted permeability harmonics is (2pn ± kZ2, |1 ± 1 ∓ k2Z2/p| f ).

8. The REF component produced by the interaction of the stator MMF with stator and rotor
slotted permeability harmonics is (2pn ± k1Z1 ∓ k2Z2, | ± 1 ∓ k2Z2/p| f ).

9. The REF component produced by the interaction of rotor MMF harmonics, stator MMF
harmonics and stator slotted permeability harmonics is (2pn ± kZ1, 2n f ).

10. The REF components produced by the interaction of rotor MMF harmonics, stator MMF
harmonics and rotor slotted permeability harmonics are (2pn ± k2Z2, |2n ± k2Z2/p| f ) and
(2pn ± k2Z2, |1 ± 1 ∓ k2Z2/p| f ).

11. The REF components produced by the interaction of rotorMMF harmonics and statorMMF
harmonics with stator and rotor slotted permeability harmonics are (2pn ± k2Z2 ∓ k1Z1,
|2n ± k2Z2/p| f ) and (2pn ± k1Z1 ∓ k2Z2, 2n f ), where n = 0, 1, 2, . . .; k1, k2 = 0, 1, 2, . . ..
Since Z1 = 72 and Z2 = 56, the spatial order and time frequency of the REF under rated
load are still even.

To further verify the correctness of the above analysis, the FEM was taken to obtain the
spatio-temporal distribution of the REF. In this figure, (a, bf ) express the component of the radial
electromagnetic force density, where the spatial component is a, the temporal component is b, and
f is the fundamental wave frequency of the stator current.

According to the FFT-2D decomposition results in Fig. 5, the REF components on the rated
load mainly consist of the following parts:

Part I: Generated by the interaction of the MMF harmonics with the constant component of
magnetic permeability, as shown in Fig. 5, (0,0 f ), (8,2 f ), (16,4 f ), (24,6 f ), (32,8 f ), (40,10 f ),
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Table 3. Source, spatial order and frequency characteristics of REF density under rated load

Spatial order Frequency characteristic

Magnetic field

µ1 ± µ2 (µ1 ± µ2) f

of rotor

µ1 ± µ2 ∓ k1Z1 (µ1 ± µ2) f

permanent magnet

µ1 ± µ2 ∓ k2Z2 (µ1 ± µ2 ∓ k2Z2) f /p

µ1 ± µ2 ± k11Z1 ∓ k12Z1 (µ1 ± µ2) f

(µ1 ± k1Z1) ± (µ1 ± k2Z2) (µ1 ± µ2 ∓ k2Z2) f /p

µ1 ± µ2 ± k21Z2 ∓ k22Z2 (µ1 ± µ2 ± k21Z2 ∓ k22Z2) f /p

The stator field µ ± v ± k2Z2 [(µ ± k2Z2)/p ± 1] f

interacts with the rotor µ ± v ± k2Z2 ∓ k1Z1 [(µ ± k2Z2)/p ± 1] f
permanent magnet µ ± v ± k21Z2 ∓ k22Z2 [(µ ± k21Z2 ∓ k22Z2)/p ± 1] f

Stator armature field

v1 ± v2 f ± f

v1 ± v2 ∓ k1Z1 f ± f

v1 ± v2 ∓ k2Z2 (1 ± 1 ∓ k2Z2/p) f

v1 ± v2 ± k11Z1 ∓ k12Z1 f ± f

v1 ± v2 ± k1Z1 ∓ k2Z2 (1 ± 1 ∓ k2Z2/p) f

v1 ± v2 ± k21Z2 ∓ k22Z2 [1 ± 1 ± (k21Z2 ∓ k22Z2)/p)] f

(48,12 f ), (56,14 f ), (64,16 f ), (72,18 f ). These harmonic components are summarized and
correspond to the components (2pn, 2n f ) in the above analytical calculation.

Part II: Generated by the stator slot, as shown in Fig. 5, (–8,16 f ), (–16,14 f ), (–24,12 f ),
(−32, 10 f ), (–40,8 f ), (–48,6 f ), (–56,4 f ), (–64,2 f ), (–72,0 f . These harmonic components are
summarized and correspond to the component (2np± kZ1, 2n f ) in the above analytical calculation.

Part III: Generated by the rotor slot, as shown in Fig. 5, (–72,18 f ) and (–64,16 f ). These har-
monic components are summarized and correspond to the component (2np ± kZ2, ‖(2npkZ2)‖ f /p)
in the above analytical calculation.

Part IV: Generated by the interaction of the MMF harmonics and permeability harmonics
on the fixed rotor side, as shown in Fig. 5, (32,26 f ), (40,28 f ), and (48,30 f . These harmonic
components are summarized and correspond to the component (2pn ± k2Z2, |2n ± k2Z2/p| f in
the above analytical calculation.

Part V: Generated by the interaction between stator MMF harmonics and stator slotted
permeability harmonics, as shown in Fig. 5, (–48,0 f ), (–24,0 f ), (24,0 f ), and (48,0 f ). These
harmonic components are summarized and correspond to the components (2pn ± k1Z1, 2n f ) in
the above analytical calculation.

According to the finite element analysis results, the correctness of the analytical calculation of
the REF is verified.
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Fig. 5. Spatio-temporal distribution of the REF density and FFT-2D decomposition

While the three-phase voltage unbalance occurs, it will inevitably cause the current unbalance.
The stator current contains not only the positive sequence component but also some of the negative
sequence component, and the MMF is closely related to the stator current. Thus, the synthesized
magnetomotive force of the stator winding under voltage unbalance can be divided into the MMF
generated by the positive sequence current and negative sequence current.

fm(θt) =
∑
vm+

Fm+

2
cos (vm+θ − ω1t − ϕ1) +

∑
vm−

Fm−

2
cos (vm+θ + ω1t − ϕ1), (17)

where Fm+/2 is the amplitude of the positive sequence MMF, Fm−/2 is the amplitude of the
negative sequence MMF.

The air-gap MMF under the three-phase voltage unbalance of the motor can be obtained.

fd =
∑
µ

Fµ cos (µθ − µωr t − ϕ2)

+
∑
vm+

Fm+

2
cos (vm+θ − ω1t − ϕ1) +

∑
vm−

Fm−

2
cos (vm+θ + ω1t − ϕ1).

(18)

According to Formulas (12) and (18), the expression of air-gap magnetic density under
three-phase voltage unbalance can be obtained:

b (θ, t) = f (θ, t) λ (θ, t)

=



∑
µ

Fµ cos (µθ − µωr t − ϕ2) +∑
vm+

Fm+

2
cos (vm+θ − ω1t − ϕ1)+∑

vm−

Fm−

2
cos (vm+θ + ω1t − ϕ1)




Λ0 +

∑
k1

Λk1 cos k1Z1θ +∑
k2

Λk2 cos k2Z2 [θ − ωr t]

 .
(19)
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The magnetic density bPM produced by the rotor PM is expressed as follows:

bPM =
∑
µ

FµΛ0 cos (µθ − µωr t − ϕ2)

+
∑
µ

∑
k1

FµΛk1

2
cos [(µ ± k1Z1) θ − µωr t− ϕ2]

+
∑
µ

∑
k2

FµΛk2

2
cos [(µ ± k2Z2) θ − (µ ± k2Z2)ωr t − ϕ2] .

(20)

The magnetic density bm generated by the stator armature current is expressed as follows:

bm =
∑
vm+

Fvm+Λ0
2

cos (vm+θ − ω1t − ϕ1)

+
∑
vm−

Fvm−Λ0
2

cos (vm+θ + ω1t − ϕ1)

+
∑
vm+

∑
k1

Fvm+Λk1
4

cos [(vm+ ± k1Z1) θ − ω1t − ϕ1]

+
∑
vm−

∑
k1

Fvm−Λk1
4

cos [(vm+ ± k1Z1) θ + ω1t − ϕ1]

+
∑
vm+

∑
k2

Fvm+Λk2

4
cos [(vm+ ± k2Z2) θ − (ω1 ± k2Z2ωr ) t − ϕ1]

+
∑
vm−

∑
k2

Fvm−Λk2

4
cos [(vm− ± k2Z2) θ + (ω1 ∓ k2Z2ωr ) t − ϕ1] .

(21)

By combining Formulas (20), (21) and theMaxwell tensor method, the tangential component of
the stator tooth surface flux density can be ignored. The REF under three-phase voltage unbalance
can be obtained:

fr (θt) =
(bPM + bm)2

2µ0
=

b2
PM

2µ0
+

bPMBm

µ0
+

b2
m

2µ0
, (22)

where bPM is the flux density produced by the rotor, bm is the flux density produced by the stator
windings.

The source, spatial order and frequency characteristics of the REF under voltage unbalance
are shown in Table 4. The REF amplitude produced by the harmonic interaction of magnetic
permeability can be ignored.

It can be seen from Fig. 6 that when voltage unbalance occurs, compared with the spatio-
temporal harmonic distribution of the REF under rated load, the newly added spatio-temporal
harmonic components are as follows: (8, 0 f ), (−8, 0 f ), (−64, 0 f ), (64, 0 f ), (−72, 2 f ), (72, 2 f ),
(56, 12 f ), (48,14 f ), (64,14 f ) and (56,16 f ), where (8,0 f and (64,0 f correspond to the analytic
analysis expression: (vm+ ± vm− f ); (–8,0 f and (–64,0 f correspond to the analytic analysis
expression: (vm+±vm−±k1Z1 f ); (–72,2 f ) and (72,2 f correspond to the analytic analysis expression:
(vm+ ± vm− ± k1Z1, 2 f ); (48,14 f and (64,14 f correspond to the analytic analysis expression:
[vm+±vm−±k2Z2, (k2Z2/p) f ]; (56,12 f and (56,16 f correspond to the analytic analysis expression:
(vm+±vm−±k2Z2 |k2Z2/p ± 2| f ), and the correctness of the above theoretical analysis is validated.
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Table 4. Source, spatial order and frequency characteristics of electromagnetic force density under three-phase
voltage imbalance

Spatial order Frequency characteristic

Stator armature field

vm1+ ± vm2+ 0, 2

vm1− ± vm2− 0, 2

vm+ ± vm− 0, 2

vm1+ ± vm2+ ± k1Z1 0, 2

vm+ ± vm− ± k1Z1 0, 2

vm1+ ± vm2+ ± k2Z2 0, 2 ± k2Z2/p

vm+ ± vm− ± k2Z2 0, 2 ± k2Z2/p

The stator magnetic field

vm+ ± µ 1 ± µ

interacts with the

vm− ± µ 1 ± µ

permanent magnet field

vm+ ± µ ± k1Z1 1 ± µ

vm− ± µ ± k1Z1 1 ± µ

vm+ ± µ ± k2Z2 1 ± µ ± k2Z2/p

vm− ± µ ± k2Z2 1 ± µ ± k2Z2/p

Magnetic field of rotor

µ1 ± µ2 (µ1 ± µ2)

permanent magnet

µ1 ± µ2 ∓ k1Z1 (µ1 ± µ2)

µ1 ± µ2 ∓ k2Z2 (µ1 ± µ2 ∓ k2Z2)/p

µ1 ± µ2 ± k11Z1 ∓ k12Z1 (µ1 ± µ2)

(µ1 ± k1Z1) ± (µ1 ± k2Z2) (µ1 ± µ2 ∓ k2Z2)/p

µ1 ± µ2 ± k21Z2 ∓ k22Z2 (µ1 ± µ2 ± k21Z2 ∓ k22Z2)/p

According to the theory of electromagnetic vibration, the vibration acceleration of the motor
is proportional to the amplitude of the REF and inversely proportional to the fourth square of
the spatial order. Thus, the impact of low-order REF with large amplitude on electromagnetic
vibration should be emphasized, and the REF amplitude under different voltage unbalance degrees
should be analyzed by the FEM, are shown in Fig. 7.

According to Fig. 7, the REF amplitudes of 0-order and 8-order of the motor are large. Based
on the above analysis, the vibration magnitude of the machine is inversely proportional to the fourth
square of the spatial order of the electromagnetic force wave, so the spatial order of the non-zero
electromagnetic force wave that plays a major role in vibration is 8. When the voltage unbalance
occurs, the amplitude of 0-order and 8-order REF obviously changes, and its amplitude increases
with the increase in the VUD. Therefore, the voltage unbalance further affects the electromagnetic
vibration by affecting the amplitude of the low-order REF of the motor.
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Fig. 6. Temporal and spatial harmonic distribution of the REF under three-phase voltage unbalance
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Fig. 7. Spatial harmonic order of the REF under different VUDs

5. Modal analysis

Modal is an intrinsic vibration property of mechanical structure, and each modal has a specific
modal frequency and modal shape. However, when the modal frequency is close to the frequency
of the electromagnetic force wave, the motor will resonate which causes the vibration to intensify.
The modal frequency is related to the quality and stiffness of the motor structure, and reasonable
parameters should be selected in the motor design to keep the modal frequency away from the
electromagnetic wave frequency to prevent the occurrence of resonance. Modal analysis methods
mainly include the finite element method and analytical method. The FEM has more advantages
than the analytical method in calculation accuracy. Therefore, the FEM is taken to analyze the
modal in this paper, and the first seven modal shapes and frequencies of the stator core of the
motor are obtained, as shown in Fig. 8.
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Fig. 8. Stator modal shapes and frequencies

According to Fig. 8, the natural frequency of the stator core increases with the increase in
the modal order. Due to the large axial length of the motor, the inner diameter of the rotor and
stator and the axial length of the iron core, and the large mass, the natural frequency of the motor
is small. Therefore, the natural frequency and low-frequency electromagnetic force should be
considered in the design of the motor to avoid resonance.

6. Harmonic response analysis

Through the above analysis of the REF, the low-order spatial harmonics of the REF is greatly
affected by the voltage unbalance, and further affect the electromagnetic vibration of the motor. To
reveal the influence mechanism of voltage unbalance on the electromagnetic vibration, the VUDs
is 2%, 4% and 6% for research. The vibration amplitude of the motor under different VUDs is
compared, and the results are shown in Fig. 9.

According to Fig. 9, the vibration amplitude of the motor is large at 800 Hz, 900 Hz and
1000 Hz. At 16 f (800 Hz), the spatial order corresponding to 16 f is 64. Based on the stator tooth
modulation theory, while the force wave order is greater than Z1/2, the high-order electromagnetic
force wave will be modulated to the low-order REF, and the order of the modulated REF is λ− nZ1.
Thus, the 64-order electromagnetic force of the 72-slot 8-pole motor studied in this study is
modulated by 72 teeth to the 8-order REF, which is the minimum non-zero spatial order radial
electromagnetic wave in the 8-pole motor of the prototype in this paper.

At 18 f (900 Hz), it is because the spatial order corresponding to 18 f is 72. The 72-order REF
of the 72-slot 8-pole motor studied in this paper is modulated by 72 teeth to the 0-order REF,
which causes the zero-order vibration of the stator yoke.

At 20 f (1000 Hz), although the REF amplitude corresponding to this frequency is small, it is
close to the fifth-order modal frequency (1015.6 Hz), which produces resonance and intensification
of vibration.
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Fig. 9. Vibration amplitude of the motor under different VUDs

When the voltage unbalance occurs, its vibration amplitude changes significantly at 600 Hz,
700 Hz, 800 Hz, 900 Hz, 1000 Hz, and at 100 Hz, 700 Hz, 800 Hz, 1000 Hz, the motor vibration
amplitude increases with the increase in the VUD. Therefore, it is concluded that the three-phase
voltage unbalance has a greater effect on the electromagnetic vibration of the motor. When the
VUD is 6%, a vibration acceleration amplitude of 800 Hz and 900 Hz increases by 18.03% and
78.57%, respectively.

7. Conclusion

The impact of three-phase voltage unbalance on electromagnetic and vibration performance
of the HVLSPMSM is studied in this paper, including torque ripple, torque harmonic frequency,
REF, modal and vibration harmonic response. The following conclusions can be drawn:

Torque ripple increases with the increase in the VUD, when the motor is operating normally,
there are only 6k harmonic torque components, when the voltage unbalance occurs, there are 2k
harmonic torque components in the torque.

The REF spatial harmonic order under rated load is 2pn, and the temporal harmonic time is 2n f .
When the voltage unbalance occurs, the newly added spatio-temporal harmonic components are:
(8, 0 f ), (−8, 0 f ), (−64, 0 f ), (64, 0 f ), (−72, 2 f ), (72, 2 f ), (56, 12 f ), (48, 14 f ), (64, 14 f ), (56, 16 f ),
and the correctness of the above theoretical analysis is validated. In addition, the spatial harmonic
amplitude of the radial electromagnetic force in the case of voltage unbalance increases significantly,
especially the spatial 8-order REF which has a greater effect on electromagnetic vibration.

Combined with the analysis of the modal and the REF, the vibration amplitude of the motor at
800 Hz, 900 Hz and 1000 Hz is large, which verifies the analysis results of the REF and modal. At
100 Hz, 700 Hz, 800 Hz and 1000 Hz, the vibration amplitude increases with the increase in the VUD.

At last, it is concluded that the electromagnetic performance and vibration of the motor
are greatly affected by the three-phase voltage unbalance. When the VUD is 6%, the vibration
acceleration amplitude of 800 Hz and 900 Hz increases by 18.03% and 78.57%, respectively.
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