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Abstract—IPMSMs (Interior Permanent Magnet Synchronous
Motors) are widely used for many industrial applications. How-
ever, IPMSMs cause large noise and vibration due to torque
ripple and radial force. In this paper, 6th radial force modelling
is constructed based on flux linkage and 6th radial force is
controlled on the ground of this modelling. Firstly, we make
some assumptions to lead 6th radial force modelling. Secondly,
6th radial force modelling is derived. Simulation results and
Experimental results verify the validity of 6th radial force model.
Finally, 6th radial force control is performed by injecting dg-axis
harmonic current.

I. INTRODUCTION

In many industrial applications, IPMSMs (Interior Perma-
nent Magnet Synchronous Motors) are often selected as drive
motors. In these applications, IPMSMs face strong demands
about the reduction of noise and vibration. Specially the noise
and vibration problems in the inside of cars remain to be one
of the problems which should be solved. Furthermore lower
acoustic noise and vibration is desirable to enhance the value
of products[1].

The analysis technology on the vibration of electromagnetic
force is investigated in [2][3][4] and [5]. The Reference [6]
and [7] propose the designing method to reduce radial force
vibration. It is natural to apply skew method for reducing the
vibration of radial force [8][9][10]. However, the methods with
structual designing usually increase the cost of the products.
We therefore focus on the method to reduce radial force
with current control. The Reference [11] proposes the control
method to suppress harmonic radial force with harmonic
current. However, this method needs iterative calculations of
electromagnetic field analysis in each drive condition and how
to lead optimal reference to suppress radial force is unclear.

It is known that in IPMSMs electrical 2nd and 6th radial
forces usually cause serious noise and vibration. It is known
that there exist phase differences between the 2nd radial force
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on U, V and W-phase tooth as:

F.y(0) = Facos26 (1)
Fv(0) = Fecos2 (9 — zﬂ‘) 2)
Fow(0) = Fracos2 (9 — gw) 3)

where F.o is the amplitude of 2nd radial force. This causes
Pth order annular elastic deformation, where P denotes pole
pairs. 2nd radial froce modelling and control method have been
proposed in [15]. On the other hand, 6th radial forces on U,
V and W-phase tooth are in phase as:

F.y(0) = Fyscos66 4)
F.v(0) = Fegcos6 <9 — ;7‘[‘) 5)
Fw(f) = Fecos6 (9 — gw) (6)

Therefore the transfer characteristics from radial force to
acceleration has very high amplitude because 6th radial force
excites spatially Oth annular mode. Fig. 1 shows the concept
of 2nd and 6th radial force and typical natural frequency mode
of the stator.

In this paper, 6th component of the radial force on a
tooth is expressed mathematically based on flux linkage. This
expression clarifies the relationship between dg-axis harmonic
current and 6th radial force and enables us to control 6th radial
force. The simulation and experiment are performed to validate
the utility of the modelling and suppression control method.

II. ASSUMPTION OF APPROXIMATION

In this chapter, assumption of approximation are shown.
Based on these assumptions, approximation model of 6th
radial force is derived. IMAG ( electromagnetic field analysis
software ) produced by JSOL Corporation is utilized for this
analysis.
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Fig. 1. Typical natural frequency mode of stator(12P18S)

A. The relationship between current, flux linkage and radial
force

Flux linkage through a U-phase tooth ¢, (t) is expressed as

Pu(t)

Pu(t) = N )

where, IV is turn number per a phase and v, is flux linkage
on U-phase tooth.

We assume the tangential flux distribution By(t) is small,

and all flux linkage is generated by the radial flux distribution

B.(1).
- / B, (t)ds ®)

Radial force on a U-phase tooth f,, () is calculated based on
Maxwell stress.

i = [ 20

where S is a tooth area facing air region. This paper has the
assumption that flux is distributed equally over the tooth area
S. With this assumption, (8) and (9) are rewritten as (10) and
(1.

ds C)]

(bu(t) = Br(t)S (10)
_ B(t)
fu(t) = o S (11)

In this paper, we consider constant speed condition and
radial force is regarded as a function for electrical angle 6.
Substituting (7) and (10) into (11), equation (12) is obtained.

20
Fu(0) = Q% ]\),2 = Ay (0) (12)
1
= 20SN? (13

(12) is called the approximation of radial force in this paper.

B. Assumption on flux linkage

It is also assumed that flux linkage caused by permanent
magnet ., (0) and flux linkage caused by current ()

TABLE I
PARAMETERS OF IPMSM

turn number N 120
a pair of poles P 6
teeth area S [m?] | 4.13 x 10~%
Ym1 [MWD] 36.2
Yms[MWD] 0.811
Ym7[MWD] -0.114
Lg4[mH] 0.866
L4[mH] 1.31
satisfy linear independency.
Py (9) = wum(a) + ¢uz(0) (14)

This paper considers 12 poles 18 slots IPMSM. The winding
pattern is concentrated winding. To consider 6th radial force,
Yum (0) is defined as:

Vum (0)

5th and 7th flux linkage vs5,, and %7, have negative value
when they have opposite phase against fundamental flux
linkage. On ground of the symmetry, flux linkage on U-phase
tooth is considered. The parameter of IPMSM is shown in
Table I. dg-axis current reference i4,%, is defined as :

= Y1y, cos O + g,y cos 5O + 17, cos 70 (15)

tg = Igo+ide (16)
idﬁ = Idﬁ COS(69 — 9d6) (17)
iq = Io+igs (18)
igs = Ig6c08(60 — O46) (19)

III. THE INFLUENCE OF d-AXIS HARMONIC CURRENT

Flux linkage on U-phase caused by d-axis harmonic current
Puin 18 shown as:

wuz:h _ uvw LdIdfj COS(69 — 0d6)
wmh = dq 0
wwih

cos(50 — Hdg) + cos(70 — O46)

\/;Ld[dﬁ cos(50 — 046 + 27) + cos(T0 — Og6 — 27)

cos(50 — 046 + 37) + cos(70 — Oqg — 57)

(20)

Adding harmonic flux linkage ;. all flux linkage on U-
phase is written by :

0, (0) \/g(\lflm + Lglap) cost — \/quIqO sin @
~+ Y5, cos 5O + \/ngIdG cos (58 — O46)
+ 7y, cOS 70 + \/ZLdIdG cos(70 — 046)  (21)
where, Uy, = \/gwlm. In this paper, 2-phase/3-phase

transform is absolute transformation. Substituting (21) into
(12), the 6th order component generated by d-axis harmonic
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current is extracted as :

A
fius(Laos 1q0, Lae, Bas)

3
= Kar(lao, 140)ias
A
g(\:[llm + Lglqo)Lq

Kar(Iao, Ig0) := (23)

where fi,,(Lao, 140, Lis, Oac) is 6th radial force caused by 4.
To verify the accuracy of (22), FEA is performed on the
condition that ;s = 1A and 64 = Odeg. The FEA result
is shown in Fig.2. Although a lot of assumptions have been
made to lead (22), we can see that 6th radial force model (22)
differs very little from FEA result.

IV. THE INFLUENCE OF ¢-AXIS HARMONIC CURRENT

In the same way, flux linkage generated by g-axis harmonic
current 1,5 (0) is calculated as:

lpulh )

uvw 0
Wit ) da | L 1,6 cos(66 — O46)
’(/}unh a7a6 9

(0
(0
(©)
1 sin(560 — Hqg) —sin(760 — O,6)
= \/7Lqu6 sin(50 — Oy6 + 2m) — sin(70 — 0,6 — 27)
6 sin(50 — 046 + 37m) — sin(70 — 06 — 37)
2

3
4)
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iq6 (0,I40) when I, varies

Substituting (24) into (12), the 6th order component generated
by g-axis harmonic current is extracted as:

A

fqu (Ido, Iqo) = quIqOLquﬁ COS(GG — 6(16) (25)
= qu(]d07 IqO)iq6 (26)

A
Ky (Lao, I0) = §L§Iq0 (27)

Fig.3 shows the FEA results which are performed on the
condition that I, = 1A, 0,6 = 0A, and I5 = OA. Fig.3
shows that Eq. (27) can predict 6th radial force caused by
g-axis harmonic current well.

A. 6th radial force control

The transfer characteristics between 6th harmonic current
and 6th radial force have been obtained. All 6th radial force
expressed as

(22) fr6(id7 iq) :fbasc(IdOa IqO)
+ Kar(Lao, 1g0)ias + Kgr(Lao, Ig0)ige  (28)
fbasc(Idﬂa Iq()) = Fbasc COS(GG - ebasc) (29)

where frase(Lao, Iq0) is 6th radial force caused by harmonic
inductance and harmonic magnetic flux. fuase(Zao, [40) varies
according to Iyo and I,o. foase(Ld0,I40) can be obtained by
calculating 6th radial force without harmonic current in FEA.
With Fiase(La0, Lq0) and Opase(Lao, Iq0), 6th harmonic current
reference is obtained as

Fbase(LiOz IqO) e
K (Lao, Iq0)

Foase(Lao, L40)
qu(—[d0> IqO)

Fig. 4 shows simulation result of 6th radial force control by
d-axis harmonic current. 4th and 8th radial forces are affected
by 6th d-axis current because Sth and 7th harmonic fluxes
generated by 5th and 7th harmonic current produce 4th and
8th radial forces. However, considering transfer characteristics
of 4th and 8th radial forces, which has Pth annular mode, it
is said that 4th and 8th radial forces cause little noise and

08(660 — Obase (Lao: Ig0))  (30)

Z'dG:opt = -

COS(GG - gbase(IdOa Iq())) (31)

Z'q6zopt = -
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(a) Test motor and load motor
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Fig. 5. Experimental environment
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Fig. 7. The phase relationship between frase and f;,q in Fig. 6(a)

vibration.

V. EXPERIMENTAL RESULTS

In experiment, radial acceleration on the surface of test
motor is evaluated intead of radial force. The speed of the test
motor is controlled as 800rpm by load motor. Fig. 5 shows
test motor, load motor and accelerometer. The current con-
troller is designed as Perfect Tracking Control and Pole zero
cancellation PI Control[16]. 6th radial acceleration a,¢(w) is
expressed theoretically as

H(w) fre(id,iq)-

where H(w) is transfer characteristics between radial force
and vibratoin at the speed of w.

arg(w) = (32)

A. The validation of approximation model

To validate the approximation model (22) and (26), some
expreriments are performed. At first, 6th radial acceleration
is shown in 6(a) under the condition that I;5 = 2.5A, I,
= 0A, Iy = OA and [y, 0;,, vary. It can be seen in Fig.
6(a) that the phase of 6th radial force is varied by shifting
the phase of d-axis harmonic current. In the result, when

frase is opposite to 6;,, 6th radial acceleration decreases
and when f,se corresponds to 6;,, 6th radial acceleration
increases in Fig. 6(a). Fig. 7 shows the situation when I g is
5A and 46 is 30 and 210deg in Fig. 6(a). O} is identified as
30deg from Fig. 6(a) in this drive condition. In Fig. 6(b), the
result of d-axis 6th harmonic current effect to acceleration is
shown. The fact that 6th radial acceleration caused by d-axis
harmonic current a;,, is independent of 046 and I,y validates
the approximation model (22).

The transfer characteristics of radial acceleration from d-
axis 6th harmonic current H (wo)Kar (L40, I40) is identified as

(H(wo)Kar(0,5)) = 1.35 x 10~ 2[m/s?/A]

because in Fig. 6(b) the average acceleration of a;,, is 3.37 x
10~2m/s?, which is generated by Iz of 2.5A. In Eq. (33),
the symbol of ()’ denotes the parameter indentified by the
experiment.

(33)

In the same way, Fig. 6(c) shows the experimental results
when Iz = 0A, I6 = 2.5A, 150 = OA and Iy, 0;,, vary.
In Fig. 6(d), the result of g-axis 6th harmonic current effect
to acceleration is shown. Eq. (26) indicates that the average
acceleration at I,o = 10A is twice as large as the average
acceleration at I,o = 5A. In Fig. 6(d) the average acceleration
at I,o = 10A is one point three larger than that at I, = SA.

The transfer characteristics of radial acceleration is obtained
as
(H(wo)K4r(0,5)) =2.26 x 10~

2[m/sg/A]. (34)

B. The result of 6th radial force control

In this chapter, 6th radial force control is realized under the
condition that the rotation speed is 800rpm, 4o is OA, and
I, is SA. In this section, to maximize the effect of 6th radial
force control, the current references of 6th radial force control
are identified by experiment.

At first, 6th radial acceleration a,¢(I40,I40) is measured
with keeping harmonic current zero.

(H (wo) Frase(Lao, 190)) = ar6(Lao, I0) (35)

Experimental results is shown in Fig. 8(a) 8(d) 8(g) 8(j) 8(m),
where to make discussions the output of torque meter and theta
acceleration are shown. (H (wo)Fhase(0,5))" is identified by
6th radial acceleration in Fig. 8(a) as:

(H(wo)Fpase(0,5)) = 2.97 x 10~%[m/s?] (36)

With Eq. (33) and (34), dg-axis harmonic current references
are calculated as:

-~ (H(wo)Fpase(0,5)) B

1d6:opt — (H(WO)Kdr( )) COS(69 ebase) (37)

(@) Foe05)

1q6:0pt — (H(w ) qr(o 5)) COS(69 ebase) (38)
Ld6:0pt = —2.20 cos (69 — éﬂ) 39)
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1g6:0pt = —1.31cos (69 — éw) (40)
Fig. 8 shows the result of 6th radial force control by ¢g.opt
and %g.opt.

6th radial accelerations caused by 6th radial force are largely
suppressed in Fig. 8(b) and 8(c). when i46.0p¢ are selected to
suppress radial force, 6th circumferential acceleration caused
by torque ripple increases in Fig. 8(f). On the other hand, there
are little deterioration of 6th circumferential acceleration with
1d6:0pt 1N Fig. 8(e). Fig. 9 shows the comparison of radial
acceleration with 6th radial force control. It is notable that the
decrease of 6th radial acceleration is larger than the increase
of 4th and 8th radial accelerations.

VI. CONCLUSION

In this paper, we proposed the modelling of 6th radial force
caused by dg-axis harmonic current based on flux linkage.
This model enables us to evaluate the harmonic radial force
generated by dg-axis harmonic current. The validity of the
proposed model were verified by FEA and experiment. Based
on this modelling, 6th radial force was suppressed. In our
future works, 6th radial force control combined with dg-
axis harmonic current will be proposed to suppress both
circumferential and radial acceleration.
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