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STUDY TO APPLY PERPENDICULAR TRANSFORMATION
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SUMMARY

Axial Flux Permanent-Magnet (AFPM) machine is a multivariable object due to its multivariable
mathematical model which is defined by the matrix equations: voltage equation, flux equation,
torque equation and motion equation. Especially, the complex inductance matrix in the machine’s
mathematical description causes difficulties in analyzing to build its mathematical model. This
paper proposes a method of applying perpendicular transformation to simplify the machine’s

model to help the design of controller easier.
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INTRODUCTION

Axial Flux Permanent - Magnet motor
(AFPM) has many advantages such as: high
performance, high ratio of power and size,
high power density, long life, small moment
of inertia, wide speed range, high ratio of
torque and current, less affected by
interference, and robust [1-4]. Thus, AFPM
motors are used widely in high quality speed
variable electrical drive systems such as
industrial robots, CNC machines, medical
equipment, and flywheels in energy storage
systems and AFPM motors have the almost
absolute advantages in electric cars. The basic
differences between AFPM motor and other
motors are that the electromotive force of
AFPM motor is trapezoid wave form due to
its centralized windings (the electromotive
force of other motors are sinusoidal wave
form due to distributed windings). Because of
trapezoid electromotive force, AFPM motor
has characteristics similar to characteristics of
DC motor, high power density, high
capability of torque generation, and high
performance.

When the application such as electrical drive
system for grinder that requires very high
speed (>10.000 rpm) or liquid Helium
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pump system which has very low temperature
(< 0°C). AFPM motor is used in combination
with two radial magnetic bearings arranged at
the two ends of the motor sharp. If we want
the rotor to rotate, it must be levitated and not
in contact with the stator, so the rotor can
move axially. To prevent the rotor from
translating axially, an axial magnetic bearing
must be added. This makes the system
structure becomes bulky. Recent studies
proposed the models that integrate axial
magnetic bearings into the motor’s stator
windings in order to reduce the overall size of
the system [9].
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Fig.1: 3D-Drawing of an AFPM motor
integrated two radial magnetic bearing

Fig.1 presents the 3D-drawing of a AFPM
motor with integrated radial magnetic bearing
at the two ends of the sharp (not described in
the figure) [5-7].
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Fig.2 shows the physical model of the motor
in Fig.1.

Fig.2: Physical model of AFPM

The six-phase system shows in Fig.2 is split
into two three-phase systems motor 1 (M1)
and motor 2 (M2) shown in Fig.3a and
Fig.3b.

C b

Fig.3: a) Physical model of M1,
b) Physical model of M2

Fig.4: a) Space vectors of the flux and
magnetomotive force;
b) Phase angle of current, voltage and flux.

The parameters of two motors are shown on
the graph of flux wvector space and
electromotive force as Fig. 4. The next
contents build the mathematical model to
bring simpler model then design and test
controllers, evaluate the effectiveness of the
orthogonal transformation by simulation.

MATHEMATICAL MODEL OF AFPM AND
ORTHOGONAL TRANSFORMATION
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The analysis of 3-phase motor is based on
orthogonal transformation of the matrices to
make AFPM’s mathematical model similar to
that of DC motor [10,11].

Multi — variable mathematical model of
AFPM

Write the motor’s voltage equations in matrix
form and use the operator p instead of
differential notation d/dt:

Voltage balance equation for M1:

Uy| [Ri 0 0 0] iy Va1

Ugy 0 R 0 O0f |ig Va1

= x|+ P 1)
Ucy 0 0 R 0O i, Ve
U, 0 0 O Ro| |1, ¥,

Or: u=Ri+py (2)

Where:u,,; ,Ug, ,Ug; U, (O PO

AL'BLlc1stp

W Ve e ¥, - INStantaneous values of voltage,

current and flux of the phase windings of stator,
and rotor, respectively.

Flux equation of M1:

Fluxes of 3-phase stator windings and rotor
windings are expressed by matrix equation
as follows:

l/IAl LAl Al

-

AlB1 LAlCl Alp IAl

L
L L L L i
Vg1 _|em Tewer Teicr Teip| l'e1 ©)
Ver| |beim Lot Lo Lesp| [l
SUP LpAl Lpsl LPC1 Lpp I p

Where: Elements on the principal diagonal
are self-inductances of the stator windings
and rotor excitation winding, other elements
are mutual inductances between windings.
For shortage and simplification, (3) can be
rewritten in matrix form:

T
Where: W =|l//A1 Vg1 l//c1| ;
T . - T
IS - ||Al IBl IC1|
Lms + Lls 7% Lms 71 Lms
4
Lss = 71 ms Lms + Lts 71 Lms ( a)
2 2
1 1
“ZL, =L, L.+
o ms o ms ms Lts
T
Ly=Ly=

cosé cos(9-120°) cos(0+120°) (4b)
=L, x| cos(6+120°) cosf cos(f-120")
cos(6-120°) cos(6+120°) cosd
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Or: w=Li )
Substitute the flux equation into the voltage
balance equation, we have:

u:Ri+p(Li):Ri+Lg+id—L :Ri+Lg+a)d—Li (6)
dt dt ¢ do

Motion equation

In general, the motion equation of the

electrical drive system as follows:

Mm=Mc+id—w+Ba)+£6’ (7

n, dt n, n,

Where: M_,J,D,K,n, are torque load, moment

of inertia, proportional coefficient of torque
load versus angular speed, double of pole. For
the constant torque load, then:

dt:Mc+__ (8)

Torque equation

Based on the principle of
electromechanical energy ~ conversion, in
multi-winding motor, electromagnetic energy

_ 1. 1. .
is: W =—iyw==iLi 9
S v=3 ©)

Electromagnetic  torque is equal to
partial derivative with respect to angular
displacement g of the electromagnetic
energy in the motor, when the current is
constant; there is only one variable that
isg,,0,=01n,, hence:

_an

a 60

m

oW,
= np
i=const 69
Substitute the equation (9) into (10), as well
as consider the relationship between the
expressions (4a) and (4b):

(10)

i=const

)
0 =L,
Mm—lnp”i _gnpiT 06 i (1)
2 20 2 o
L 0
00
=i =i e e 1,
Ul—RI1+L%+a)%il
1 oL . J do
M ni' —i, =M_+—— 12
M2 a0t Y n, dt (12)
_do
dt

di, o ob,. .
—=-L"(R+o—)i,+L"u
dt ( @ 20 A 1
N n
do _ Ny i %il__PMC (13)
dat 2J 06 J
do
—_— =
dt
Mathematical model of 3-phase

synchronous motor

The combination of (6), (8) and (11) gives
multivariable mathematical model of 3-phase
synchronous motor when the motor is under
constant torque load:

The set of equations (12) can be written in
formal form of nonlinear state equations (13):
Because the mathematical model has a
complex matrix of inductances, it is difficult
to use for analysis. For the convenience,
coordinator transformations are usually used
to simplify the model. The mathematical
model of Motor no.2 is similar to Motor no.1
but notice that the index “1” should be
replaced by index “2”.

Orthogonal transformations and DC motor
equivalent model

Orthogonal transformations

To simplify the model, we have to simplify the
flux equation firstly. If the physical model of
synchronous motor (Fig.5a) can be converted
into equivalent model of DC motor (Fig.5b),
after that apply control methods for DC motor
then the problem becomes much more simple.

C a)

Fig.5: a) Physical model of three-phase AC windings;
b) Equivalent two-phase AC windings model.

If we set the same dynamic magnet generated
as reference, the system of 3 three-phase AC
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conductors in Fig.5a and the system of 2
crossed conductors in Fig.5b are equivalent.
In other hand i,,ig,i. in three-phase
coordinate and i,,i, in two-phase coordinate
are equivalent, they can both generate a same
rotational magnetomotive forces.

Assuming that u and i are voltage and current

vectors in a system of coordinators,
_uA IA

U=|Ug [;1=]1g (14)
uC IC

u’ and i’ are voltage and current vectors in a
new one:

| _u;:| : [i;}
W=l =] (15)
| Up s

The coordinator transformation is defined as
follows:
usl AU (16a)

va: 17 Al (16b)
Where: A,,A are transformation matrixes of
real numbers. Assuming that the power is
invariable, then:
P =Uyi, +Ugig +Ugie =u"i =uli, +ugiy =ui’
(17) Substitute (16a), (16b) into (17):
iTu=(AiI") AU =iI"TATAU =i"U’
Yields: ATA =1 (18)
| is identity matrix. The expression (18) is
relationship  between the transformation

matrices under the condition of invariable
power. In general, for simplification:

A=A =A
Then (8) becomes: A"A=1 or
AT =A" (19)
When the condition (19) is satisfied, the
matrix A is called the orthogonal matrix.
From that, we can find out the transformation
matrix for current as the expression (20) and
(21). In fact, they are also the transformation
matrix for voltage and flux:

., 1 1
2 2
(20)
C3,2:\/§ 0 g 7?
T T
Z E 7z
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According to the Fig.3, the motor M1 is fed
by the system A ,B,,C, and the motor M2 is fed
by the systema, ,B,,C,. Both systems are
transformed into two 2-phase
systeme, 5, and e, 3,.  Performing  vectors

addition we have a system «, 4, shown in

N

Fig.6: Vector graph of 2-phase current of AFPM
Next, assuming ¢ is the angle between d axis
and a axis and applies the 2-phase/2-phase

transformationC,,,.. From which we can

deduce:
cos2 sin2 0
i 2 2 i
d o
i, |=|-sin? cos? ofli, (22)
. 2 2 .
g 0 o 1|t
; 1 1
i K 22
a A A
. . 2 33 3.
|:'_/f]:03/2 !B]= 3 0 o T {!B:l (23)
& Ll 1 1 1 |t
2 2 &L

From (20), can be rewritten as follows to
(23): Combining two above expressions, it is
possible to obtain the transmitted matrix from
3-phase coordinate ABC to 2-phase rotational
coordinate dqq as

cos% cos(%—lzo"j cos(£+120°j
: (24)
C3s/2,:\/:—sing —sin(ﬂ—lzo‘)j —sin[£+120°)
3 2 2 2
1 1 1
V2 V2 V2
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Inverse transformation matrix:

cosf —sinf
2 2

Cm:\ﬁ cos[ﬂ—lzo") —sin[f_lzo"j
3 2 2

cos[9+1zo°) —sin(9+1zo°)
2 2

(25)

Sl Bl i

The formulas (24) and (25) are also used for
voltage and flux transformation.

Mathematical model of AFPM in dq
coordinate

Equivalent mathematical model of AFPM
motor in 3-phase synchronous motor in the
synchronous rotating rotor field oriented dq
[1,5,6,7,8,13] as follows:

U | |Ri+Lp -ol, Lo iy

U |=| oLy R+Lp oL, []i

U, Lo 0 R,+Lp| (I, (26)
L, .

Mg =1, L_prlq

This relationship is relatively simple and
similar to torque equation of DC motor.

State equation of AFPM motor is:

d, 1. L. 1
=y +a)s_|sq +—= Uy
dt Tsd Lsd Lsd
g, L 1. 1 oy @D
R SR a0

sq sq sq

The mathematical model (27) is represented
in Fig.7.

Fig.7: Mathematical model of AFPM
CONTROL DESIGN FOR AFPM [8,13]
After using the orthogonal matrices and
transformations the mathematical model of

AFPM motor shown in Fig.1 becomes
equivalent mathematical model of a motor

that has one stator and one rotor. This has two
advantages:

- Easy to design control of current loop and
speed loop, eliminate interactions between the
two motors through controlling current
components iy ,ig; iy, g, (in Fig.3).

- Axial attractive forces F,,F,become internal
problem or the motor that we do not need to care.

In special case, when two 3-phase voltage
systems of two inverters provide to M1 and
M2 having the same frequency and phase, we
have a corresponding motor with double-time
moment. In general case, we consider that the
amplifiers are equally and phase shift ¢.

Base on mathematical model as Fig.7, we
design Deadbeat controller to control the
current for AFPM and PID controller for
voltage control. The simulated structure of
system is described in Fig.8. The simulation
results presents the speed characteristic as
showed in Fig.9 and moment characteristic
showed in Fig.10.

1 -thih it

Fig.8: Simulation structure of AFPM
AFPM parameters

Rated power Py, 350 W
Rated voltage Uy, 400 V
Rated frequency Uy, 20KHz
Number of pole pairs n, 1

Residual flux density 1,45T
Stator resistance R; 2,3Q
Stator self-inductance L 11,3.10°H
Stator leakage inductance L 5.10°H
Rotor self-inductance L¢ 11,3.10°H
Basic direct-axis inductance Ly 8,2.10°H

Basic quadrature-axis inductance Ly 9,6.10°H

Mutual inductance L, 9,43.10°H
Rotor inertia moment J, 8,6.10°H
Rotor flux (permanent magnet) ¥, | 0,0126Wb
Air gap between rotor and stator | 1,75.10°
at the equilibrium position z, *kgm?
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Fig.9: Speed characteristic
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Fig.10: Moment characteristic
Reviews: The simulation results proved
orthogonal transformation, which has been
applied for the AFPM that is accurate.
Comparing the simulation results with the
study [9] that do not perform alternative
equivalent is absolutely identical.

CONCLUSION

AFPM motor with integrated radial magnetic
bearing at the two ends of the sharp, in
working process its rotor does not only rotate
but also moves axially. To prevent the rotor
from moving axially and keep the motor
compact, an axial magnetic bearing is
integrated.

By using the orthogonal transformations to
transform coordinator systems the physical
model of the motor as shown in Fig.3 is
changed into that of an equivalent AFPM
motor. That makes the control design for
the motor simple and easy because the
motor has only one degree of freedom as
conventional motors.

In this paper, the mathematical model of the
motor has been built, the suitable controller is
chosen and the simulation gives good results.

180

REFERENCE
1. H.H. Choi, N.T.T Vu, J. Tuy and W. Jin, Design
and Implementation of a Takagi-Sugeno Fuzzy
Speed Regulator for a permanent magnet
syschronous motor, IEEE Transactions on
Industrial electronics, Vol.59, No.8, pp. 306-3077,
2012
2. K. Gulez, A. A. Adam, and H. Pastaci, “A novel
direct torque control algorithm for IPMSM with
minimum harmonics and torque ripples,”
IEEE/ASME Trans. Mechatronics, vol. 12, no. 2,
pp. 223-227, Apr. 2007.
3. S.H. Li and H. Gu, Fuzzy Adaptive Internal
Model Control Schemes for PMSM Speed-
Regulation System, IEEE Transaction on Industry
Informatics, Vol.8, No.4, pp. 767-779, 2012
4. Z. Qiao, T. Shi, Y. Wang, Y. Yan, C. Xia, and
X. He, “New sliding-mode observer for position
sensorless  control of  permanent-magnet
synchronous motor,” IEEE Trans. Ind. Electron.,
vol. 60, no. 2, pp. 710-719, Feb. 2013.
5. Quang Dich Nguyen and Satoshi Ueno,
“Analysis and Control of Non-Salient Permanent
Magnet Axial-Gap Self-Bearing Motor”, IEEE
Transactions on Industrial Electronics, Vol. PP,
No. 99, pp. 1-8, 2010 (early access).
6. Quang Dich Nguyen, Nobukazu Shimai,
Satoshi Ueno, “Control of 6 Degrees of Freedom
Salient Axial-Gap Self-Bearing Motor”, 12th
International Symposium on Magnetic Bearings,
August, 2010.
7. Quang Dich Nguyen, SatoshiUenoRitsumeikan
University, “Control of 6 Degrees of Freedom
Salient Axial-Gap Self-Bearing Motor”’, ISMB-12.
8. Quang Nguyen Phung and Jérg-Andreas Dittrich,
“Vector Control of Three-Phase AC Machines”,
springer.
9. Vii Duy Hung, Nguyén Hai Binh: “The
Research on building model of thrust that keeps
the balance of the rotor position of synchronous
axial flux motor exciting from permanent magnet”
Chuyén san KT DK va TDH s6 thang 8/2014.
10. Tran Xuin Minh, Nguyén Nhu Hién “Tong
hop hé dién co”, Nxb KHKT, 2010.
11. V& Quang Lap, Tran Tho, “Co s diéu khién
tw déng truyén dong dién”, Nxb KHKT, 2004.
12. Nguyén Doan Phuéc: “Phdn tich va diéu
khién h¢ phi tuyén ”. Nxb Béach khoa, 2012.
13. Nguyén Phung Quang, Andreas Dittrich, “Truyén
dong dién thong minh”, Nxb KHKT, 2006.



Dang Danh Hoéng va Prg Tap chi KHOA HOC & CONG NGHE 139(09): 175 - 181

TOM TAT

NGHIEN CUU UNG DUNG PHEP BIEN POI TRUC GIAO
PE XAY DUNG MO HiINH TOAN HQC CHO

AXIAL FLUX PERMANENT-MAGNET MACHINE

bing Danh Hoiang", Dwong Quéc Tuin®,

Vii Duy Hung?, Nguyén Hai Binh?

YTreong Pai hoc Ky thudt Cong nghiép — PH Thai Nguyén,
2Trwong Pai hoc Kinh té Ky thugt Cong nghiép Ha Ngi

AFPM - Pong co dong bo tir thong doc truc kich tir nam chdm vinh ciru 1a d6i twong da bién, do
m6 hinh todn hoc nhiéu bién sé cua n6 duoc hinh thanh béi cac phuong trinh: ma tran dién ap, ma
tran tir thdng, mo men va chuyén dong. Dic biét, trong mo ta toan hoc dong co loai ndy c6 ma tran
dién cam tuong d6i phic tap, kho sir dung dé phan tich xay dung mé hinh toan hoc. Bai bao dua ra
phuong phap nghién ctru tng dung phép bién doi truc giao dé thay d6i md hinh, nham co dugc md
hinh toan hoc thuan lgi cho thiét ké diéu khién dong co.
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