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Abstract—Electric motors with more than three phases have [7]. The second possible way of creating the model is using
many advantages comparing to ordinary three-phase motor. differential equations [8] and analytical approach [9]. The

For this reason it is natural to pay attention to them and  gecong approach is needed for control algorithms development
to work on advanced control methods. Control algorithms de- L ) S .
and it will be treated in details in this paper.

velopment requires to operate with the model of motor. This
paper presents the modeling concept of the nine-phase permanent
magnet synchronous motor (PMSM) in three times three-phase
arrangement fed by nine-phase voltage source inverter (VSI). A. Multi-phase motor vs multiple k-phase motor
Magnetic interaction between phases and phase groups had to

be taken into account. The paper also provides relationship |t js important to recognize the difference between multi-
between model parameters and real motor ones, depending on phase electric motor and motor with multifiephase winding.

the windings configuration. It shows the comparison between Wh K ab lassical lti-oh I
the simulation and experimental results with real motor. Used en we speak about classical multi-phase motor we usually

method of motor parameters measurement and the subsequent expect electrical star connection of all Windings. Windings in
conversion of these parameters intad-q coordinates is clarified this type of motor are uniformly distributed in the stator. Fig.

in this paper. _ _ 1(a) shows the phase shift between windings for balanced five-

Plvllrédl\(/alx Terms—Modeling, Multiphase, d-q model, 3x3-phase ,ha5e motor as an example. The angle depends on total number
’ of phases. While focusing on reliability, this arrangement has

the disadvantage since potential fault can affect the winding

constantly connected to DC-bus power or ground. This affects

Multi-phase machines are now commonly used for highy, et in other windings and it also changes middle junction
power drive applications as turbo-compressors and ultra h'%'ltage 8], [10].

speed elevators because of their high efficiency [1]. Control

of these motors can also be adjusted to operate during l‘aulpn the other hand, multiplephase motor has the individual

conditions. They can be also used in the automotive indus f?’” systems (usually three-phase) electrically separated and

due to their reliability, efficiency and redundancy. Multi-phase ere is mutual induction coupling be_tween _subsystems. One
ubsystem can be completely electrically disconnected from

motors can operate at a lower supply voltage or lower SUpps’ wer source in case of fault. Therefore, subsystem is not
currents than standard three-phase motors with equal power . ST
) : L energized and do not generate magnetic field. The motor
[2]. To understand its functionality, it is necessary to know the " . .
motor model and its behavior. To create a fault-tolerant Comr%?ntmues to operate with lower power [10]
algorithm it is necessary to know what currents and voltages
motor can generate [3]. Motor which will be discussed here is
permanent magnet synchronous motor (PMSM). With this typ
of motor, a model ind-g coordinates is usually created using
Park transformation. This coordinate system is connected to
the rotor and allows control to a constant values of currents
[4], [5], [6]- The PMSM is also designed so as to suppress the
effect of nonlinearities. Finite element (FE) method can be
used to create the model which is computationally demandin

I. INTRODUCTION

The research was supported by ECSEL JU under the project 662192 3Ccar
Integrated Components for Complexity Control in affordable electrified cars
and by FEKT/FSI-J-16-3694. (@) (b)

The research results were verified in simulation using AVL CRUISE M . . T . A
simulation SW provided by AVL within University Partnership Program. Fig. 1: Five-phase winding and triple three-phase winding.



B. Mechanical Construction following equation. M represents mutual inductance between

The multiple k-phase motors may have different arrangetubsystems windings.
ments of windings in the stator. In this article we will deal
with triple three-phase motors. Obviously the mutual angle ) . .
between the windings can be given in mechanical degrees or ¥t = Yara1 + Lariar + Maraziaz + Marasias  (32)
in electrical degrees. Electrical angle and mechanical angle ~ Vq1 = Lqiiq1 + Mgig2iq2 + Mg143ig3 (3b)
are mostly different. Mechanical displacement depends on the
number of pole-pairs. The model is createdliq coordinates
and all variables are transformed froabc space tod-q For simplification it will be considered that all subsystems
coordinates [11], [12]. have the same electrical characteristic and that mutual induc-

tances are the same. This assumption must comply with the
Il. ANALYSIS OF TRIPLE 3-PHASEWINDINGS real motor. After adjusting the flux equations (3) and their

Fig. 1 (b) shows possible windings alignment of triple 3substitution to the voltage equation (1) we obtain equations
phase stator. Final model and equations arm@-gcoordinates. (4a-4f). They show the relationships between individual volt-
The g-axis leads thed-axis by w/2 electrical radians and ages and currents.
actual angle to stator coordinates depends on rotor position.

While we apply d-g transformation on basabc space we

get the equation (1). After_the transforma_tion of the t_hree- vg1 = Lg—2L diay + My didz + My, dias + Rig—
phase system to d-q coordinates we obtain two equations dt dt _ dt
for each subsystem. From the three subsystems of three-phase w(Lgiqr + Myiqe + Myig3) (4a)

motors, six equations are received after the transformation.

Three equations fod-axis and three fomg-axis. The j-th Vg = Mddldl deld2 Mddld?) + Rig—
subsystem can be described as dt dt dt
diba; w(Mgiqr + Liqz + Mgigs) (4b)
va, = Rjiq, + d;” — Wiy, (1a)
dig; vas = MyZaL o gy Bz g dias o,
vg, = Ryig, + — 1 + wiy, (1b) 8 = AT Car T dt a
where w(Mgiqr + Mgiq2 + Lqiqs) (4c)
j=1{1,2,3} (1c)
) i , vg1 = w(Laiar + Maiaz + Maiaz + Var)+
Variable v represents voltages id and q coordinates,R iy di s dis
is winding resistancei, represents electric currents agdis L, d‘; + M, d‘i + M, d‘i + Rig (4d)

magnetic fluxw is electrical speed of rotation.
The same equations are used for other subsystems but with

= w(Myi Lyi Myi v
different indexesg. When transforming ordinary three-phase Va2 = @(Maiar + Laiaz + Maias +War)+

motor, there is just ong-winding and oneg-winding and the Mq% +1L, d;qz + M, d;q?’ +Rign  (4e)
flux-linkages are given by following equations t t t
Va1 = Vg + La1iagr (2a) Vg3 = w(Mdidl + Myigo + Lgiqs + \If]y[)'F
g1 = Lariq (2b) M dig1 M digz I digs Ri Af
vt Mgy gy TR (4D

W, represents back electromotive force constant, L is
inductance of windings.

When transforming multiple 3-phase systems it is necessaryGiven equations (4) are not well suited for modelling and
take into consideration mutual inductances. It leads to extamimerical simulations. Therefore, it is necessary to convert
sion of equations (2). For triple subsystem we can write thleem to state space description form. Currentsdimnd q

coordinates can be selected as state variables to form state
[ T | vectori = (idl,z‘ql,idg,z’q2,id3,z‘q3)T. Their time derivatives
Speed Position depend on the actual currents, input voltages, rotor flux and the
actual speed of the motor. The block diagram of nonlinear state
space model is shown in Fig. 2. Full Matlab schematic can be
wired according to the model using all necessary matrices.

Voltages Currents

The matrixB relates the currents time derivatives with input
voltagesv = (va1, Vg1, Va2, Vg2, Va3 Uqg)T. It is called system

) . input matrix. This matrix also shows an input mutual linkage
Fig. 2: Block diagram of motor model. between subsystems.




selected as another state variable forming mechanical part of

os 0 09 0 o9 0 the motor model.
0 o3 0 o 0 oy The matrix Ay reflects influence of back electromotive
B_ | 0 o4 0 oo O (53) force (back-EMF_). It is the volta_ge,_or elegtromotlve force,
0 o, 0 o3 0 oy that pushes against the magnetic field which induces it. In
o9 0 09 0 o4 O this case it is due to the rotating magnetic field generated
0 o, 0 o 0 o3 by the rotor. This voltage also indicates the maximum speed
where that motor can rotate. When back-EMF voltage reaches critical
M, - level, the DC-bus voltage is applied to balance back-EMF and
71 = 12+ L,M, — 2M (5b) no voltage remains to generate torque. This part is shown in
Fig. 2 as matrixAy with motor voltage constan? ,; and its
oy — _ Mgy (5¢) elements are as follows
2 L%+ LMy — 2M?
d d-d d
T
5= o +LLq ;\; Mj - (5d) Ay=[0 o0 0 o 0 o] (7a)
q qMq q where
o4 = La + My (5€) o= sze(LLiw M) (7b)
L2 + LgMy — 2M? g+ LqMy —2Mj

Matrix B shows thatd-axis voltages influence onlg-axis The behavior of electrical part of the motor can be described

currents. This also holds faraxis quantities. The interactionUsing nonlinear state equation
betweerd andq axis is ideally zero because mutual inductance di
between the coils of these axes should be zero. Mutual induc- at =
tances between the subsystems are reflected by matyix
This matrix is a feedback matrix of links between individua&ln
currents and its time derivatives and it has following form

Aj(we)i+ Bv + AgUyy, 8)

The mechanical part of the model requires conversion from
otor currents to motor torque. The torque is a vector product
of the magnetic flux of the motor (joint contribution of perma-

0s 0O 04 02 04 O3 nent magnet and currents) and the currents. This relationship
05 o7 01 03 01 O3 for single 3-phase PMSM is given by the following equation
Ai(we) _ o4 09 08 Og 04 09 (6a) 3 ' '
o1 03 05 07 01 03 T= ip(\I/dzq —W4iq) 9)
o4 09 04 09 08 Og
o1 03 01 O3 05 07 Torque calculation of triplex 3-phase motor is more com-
where plicated. Torque contribution must be considered in every
we(LaM, — L,My) b subsystem. The resulting formula for calculating the torque
1= L2+ LyM, — 2M? (6b) produced by the motor is given as
oy = We(LdMq - Lqu) (6C) Tot = gp(qu(qu + 142 + Zq3)+
- 2 2
L+ LaMa —2M; (ta1iq1 + ta2iqe + ta3iq3)(La — Lg)+
o5 = - MyR - (6d) (ta1iq2 + ta2iq1 + tq1ig3+
Li+ LqMg — 2M; 1a3lq1 + ta2iqs + tasiqe) (Mg — My)) (10)
o4 = . MaR . (6€) The angular acceleration. of the rotor is time derivative
Ly + LaMg —2Mj of electrical speed,, and it depends on moment of inertia
o we(LaLy + LaM, — 2MyM,) (66 tand on_res_ultlng torque cor}nterzlcted tto tr;e rotor. Ene :esctjjltmg
5= L2 + LM, — 202 orque is given as a sum of the motor tordflig.;, the loa
q qtVq q torqueTj,.q and the friction torquel’y, ;.
we(LqLd + Lq]\/[d — 2MdMq) 2
P 6 dw, d“ e 1
6 Lé + LagMg — 2”[3 ( g) Ee = dt = 12 = j(Tmot + Tioad + Tfm'c) (11)
o LR+ MR (6h) As it can be seen from Fig. 2, the friction torque is assumed
7 L2+ LyM, —2M? to be proportional to the speed but it has opposite direction.
LR+ MR The equation (11) represents the mechanical part of the motor
oy = d d (6i) model (having electrical rotor positian, and speed, as state

T 72 2 . . .
LG+ LaMa —2Mj variables) and together with equation (8) they form complete
This feedback state matrix contains nonlinear componemtsn-linear electro-mechanical motor model with eight state
in presence of electrical speed since it will be later on variables.



Ill. M ODEL PARAMETERS MEASUREMENT AND Current measure
COMPUTATION

o A el £\ P
The model described in previous section is establishet in W /‘\f [\//\ /\ Mesarea e | f

g coordinates. If we want to simulate the real motor behavi
we need to specify its parameters. The measurement on

motor can give us only parametersabc coordinates. These
parameters need to be re-calculateddtq coordinates and

then they can be used in derived model.

The re-calculation is realized using the transformation m
trix T' [10]. This matrix depends on mutual shift of individual
k-phase windingsy and on mutual shift betweek-phase I A S I B ‘ L
subsystem®. Transformation matrix has the following form P e e e

Current [A]

cos(d)  cos(6 —n)  cos(d +1) Fig. 3: Motor currents in one 3-phase subsystem when starting
T =g |-sin(0) —sin(—n) —sin(0+n)] (128) with external dynamometer (torque 0.5 Nm)
1/2 1/2 1/2
where aooo
n= 1200 (12b) 3500 -

for 3-phase subsystems with 20 angle between the soner
windings.

Typically, abc to d-q transformation is used for three-phasi
motor linkages¥ ;. and curents,;. and it can be expressed
as follows

Position measure

2500 -

2000 [~

1500 [~

Position [encoder unit]

1000 [~

500 [~

‘I’abc = Labciabc (13a) or

I I I L I I I I I I I
10 10.1 10.2 10.3 104 105 10.6 10.7 108 109 11
(13b) e

. . . 1.
Tdq0 = T"'abc§ Tabe = T Tdq0

_ _ -1;
Wago = TWape = TLapeT" “taqo (13c) Fig. 4: Motor position when starting external dynamometer
Lago = TLap. T~ (13d) (torque 0.5 Nm)

Equation (13d) shows how to use the matrix transformatio
for one subsystem. Three transformation matrixes are neec'i&;g kW dynamometer DYNOFIT ASD .2.000'2 from VUES
; company was used to create test conditions.
to recompute parameters of triple 3-phase subsystems.

A. External Torque Applied to Short Circuited Motor

T\L\Ty' TiMypT;' TiMisTy! In this test, the motor was loaded with a constant torque
L= |T;MxTy' ToLTy;' ToM2Ts' | (14) produced by the dynamometer. The motor had all phases
TsM3 Ty TsMsT,"  TsLsTs! connected to the ground (negative pole of the DC-bus) by the
In this equationL; to L; represent the inductance matrice§verter. The motor acts as a brake in this configuration and
of the windings in the subsystem. Mutual inductance matri$ breaking torque depends on the actual speed. The torque
between subsystemis and j is expressed by matripv;;. Produced by the dynamometer was set from 0 to 0.5 Nm.
Transformation matriced’; to T's are distinguished by the After starting a dynamometer, the motor began to generate

mutual shift betweerk-phase subsystents currents caused by the back-EMF. Phase currents, the rotor
position and its rotation speed were measured. The measure-
IV. M ODEL VERIFICATION ment results were compared with the simulation results. Fig. 3

Several tests were performed with a real motor to veriffhows comparison of currents generated by back-EMF. It can
the model behavior. The tested motor was TGT3-0130-1be seen that simulated currents correspond to the measured
36/T4X1-ES28 from TG Drives company. This motor is norenes. Fig. 4 shows the position of the rotor compared to
mally three-phase but the windings were during the productitime simulated results. In this test it was also verified that
disconnected and taken out from the motor. It enables tlee braking torque generated by the motor is consistent with
connect the motor in differen configurations and also tie simulations results which implies equal resulting speeds.
simulate different faults. The same conditions were settled fSpeed comparison can be seen in Fig. 5. Measured speed
the model in simulations for objective comparison. A fieldlightly ripples due to unbalanced torque distribution per rotor
oriented control algorithm was used in several cases. Temgolution since period of ripples corresponds to one mechan-
were carried out to verify the friction dynamic propertiesical turn. This test verifies the model dynamic characteristics
windings electric properties and rotor magnetic propertieand shows very good fit with real motor behavior.



Speed measure Current measure Subsystem3

10 10‘2 10‘4 1(;6 10‘8 T‘msl;ls] 11‘2 11‘4 11‘6 11‘8 1‘2 435 A‘A T‘:n‘f[s] 4‘5 A“;’)S
Fig. 5: Motor speed when starting external dynamometer Fig. 7: Currents in the third (short circuited) subsystem
(torque 0.5 Nm)

Speed measure
T T

Current measure Subsysteml

Peak caused by
mutual inductance

Speed [rad/s]
e

Current [A]

| | | | | |
42 43 a4 a5 46 a7
Time [s]

I I |
235 24 4.45 45 455
Time [s]

Fig. 8: Speed response under short circuited operation of one

Fig. 6: Motor currents in first subsystem when short circuitingubsystem

the third subsystem. ) ) N
the controller. The resulting speed is then stabilized around 16

B. Short Circuiting of One Subsystem rgd/s. This situatiqn can be seenin Fig. 8: Thi§ test showed that
simulated mutual inductances between individual subsystems
In the second test, the motor was running at the requirétiwell to the real motor behavior.
speed of 24 rad/s. Speed setpoint was assured with Pl speed
controller. The same controller was used to control the m&- Applying Load Torque Changes
tor model in simulations. The output from speed controller The last test which was carried out shows the behavior of
(required current) was limited to 2 A in each subsystemine model and the real motor with activated current and speed
in order to provide the test (the maximum current of alontrollers in case of load torque changes. The required speed
subsystems is 6 A for selected motor). During such operatiasf, the motor was set to 24 rad/s. After reaching a constant
the third subsystems was short-circuited as in previous tepleed, a load torque on the dynamometer was set from 0 to
which caused its internal breaking torque generation and @isl5 Nm (time 12.07 s). A short time drop of the motor speed
fast increase of currents produced by the back-EMF. Thesecurred whilst increasing a load torque. This drop depends
changes in currents were reflected in other subsystems duefiothe electrical and mechanical characteristics of the motor
mutual inductances. Breaking torque implies that the currenrisd also depends on the speed and current controller settings.
of the other two motor subsystems must increase in orderWhereas the used controller is identical with the inverter
supply the necessary torque which short-circuited subsystaniplemented controller therefore their characteristics can be
draws. This is demonstrated in Fig. 6. The short circuit wa®mpared. The increase in torque causes a decrease in the
forced around the time of 4.43 s where measured and algseed to approximately 16 rad/s which can be seen in Fig.
simulated peaks in currents can be observed. Fig. 7 showis The measured and simulated results of the speed are the
fast increase in the currents of short circuited subsystem. same which proves the affectivity of the model. We can also
The motor is working without load torque until short cirsee in this figure that the real motor speed contains ripples.
cuiting third subsystem. Distortion of currents on a real motdte period of these ripples is about 0.27 s. It corresponds
is visible due to uncompensated dead-time. Final motor spdeda rotation speed of approximately 23.3 rad/s. Since the
is reduced by short-circuited subsystem because the remaimmgtor operates at 24 rad/s it can be deduced that the ripples
two sub-systems are unable to supply sufficient torque. Thaite caused by unbalanced torque during one revolution of the
maximum torque is limited by the maximum current set orotor and low value of inertia achieved on a test bench. Same



Current measure Subsystem3 Speed measure
T T T

2[|——Measured curent a
—— Measured curent b
15H Measured curent ¢
fffff Model curent a

—— Measured speed 09
—— Model speed
—— Load torque.

=== Model curent b
1r Model curent ¢
— Load torque
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S
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Current [A]
load torque [Nm]
Speed [rad/s]
Load torque [Nm]

-15F

—0.1 :
25+ o
I I I I I I I 0

3 0 0 I I I I I 12 125 13 135 14 145 15
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Time [s]

Fig. 9: Motor currents at 0.15 Nm applied load torque Fig. 11. Speed reaction to torque changes

properly due to good correspondence between simulated and

. Curent measure subsysems ‘ ‘ measured currents.
Tpesedarntsl The future work will use derived model to realize de-
el | 109 coupling for nine phase motor. This application can detect
ol B I imperfections in the model. Also it may prove that the model

needs to include other physical effects. Realised model needs
to be adjusted in that case. In summary the knowledge of the
model can be used in the design of advanced control.

Current [A]
load torque [Nm]
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