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Abstract

The paper deals with the analysis of the rotor flux oriented control with space vector modulation
technique for a five phase induction motor drive. The speed control using the rotor flux oriented control
(RFOC) with or without speed sensor uses proportional integral controlled technique which make it
possible to achieve satisfactory goals on the torque dynamics and flux. Simulated results on a five phase
induction motor drive are displayed to validate the feasibility and the effectiveness of the proposed

strategy.
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1-Introduction

With the great development which knew the
power electronic, expressing in the realization of
statics converters (voltages inverters) with
component (IGBT) commutating in very high
frequencies and can provide variable output
voltage.

Multi-phase motor drives have been studied from
more than thirty years. Since the last two years,

the interest has grown so that some international
power electronic conferences have hosted sessions
on the multiphase motor drives [1]. The
multiphase motor drive has many advantages
compared with the traditional three-phase motor
such as reducing amplitude of torque and current
pulsation, greater fault tolerance, also the
multiphase motor has ability to reduce the stator
current without increasing the stator voltage[2-3-
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5-6].Because of those advantages numerous
applications used the multiphase motor in
particular the five-phase induction motor such
winders and electric vehicles, aerospace, naval
applications, papers mills and in textile
manufacturing [4]. However, the state variables of
five-phase induction motor are not easily
measurable and they are dependent on the
machine parameters. There are many strategies to
control the five-phase induction motor; one of the
most popular control strategies of the five-phase
IM is RFOC (rotor flux oriented control) proposed
since long time by Blaschke. The principle of the
RFOC is to transform the five-phase induction
motor into a system of decoupled equations.
However the d-q axis reference frame currents
contribute toward torque and flux production and
the x-y components remaining zero. The goal of
the RFOC is to make the electromagnetic torque
similar of a dc machine then the flux and torque
can be controlled independently by controlling the
d and q components of stator currents.

The objective of this paper is to present the
performances of the rotor flux oriented control of
five motor (RFOC).

2-Modeling of the five phase inverter

The structure of a five phase voltage source
inverter feeding a star-connected load shown in

figure.1
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Figure 1.Structure of five phase voltage source
inverter

In this paragraph, we will model the inverter
whose the switches state can be defines by five
Boolean S, (i=4,B,C,D,E).

e S, =1: When the switch top is closed and

that of bottom is opened.
e S, =0: When the switch top is opened and

that of bottom is closed.
Under these conditions we can write the voltages
according to the control signals and taking account
of the fictitious points’o’.

v, =E(S,-3) n
VAN 4 _1 _1 _1 _1 VAO
Vin | -1 4 -1 -1 —1|V,
Ven =§ -1 -1 4 -1 —1|V, (2)
Vo -1 -1 -1 4 =1|V,,
Vey -1 -1 =1 =1 4 )V,
(1) and (2) give:
Vox 4 -1 -1 -1 -1YS,
Vv s -1 4 -1 -1 1|8,
Ve =g -1 -1 4 -1 -1|S.| 3
Von -1 -1 -1 4 -1|5§,
Vv -1 -1 -1 -1 4 )8,

Space vector modulation

The principle of this method is to bring the five
phase system to the two planes using Concordia
transform.
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Where V may represent voltage, current, or flux
linkage. Transforming the machine-variable
voltage and flux linkage equations to the arbitrary



reference frame gives traditional d-q model which
has two axes (d-g) and one zero sequence that are
used to represent the original five phase induction
machine. The model has been split into three
parts; one part is the decoupled d-g model, which
has similar form as the three — phase model. The
second part x-y equal zero and the third part o
equal zero sinceV ,, +V,, +Vey TV TV =0 (5)

There are 2°=32 possible switch configurations.
For each sequence (i, e., in each d-q plane).
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Fig 2. Phase voltage space vectors of a five-
phase in d-q plane

The whole of 32 vectors which the inverter can
impose currency in 4 types of vectors.

e Null vectors: VOandV—m.

e Vectors of module equal 1.618* E'* \/%
2
e Vectors of module equal 0.618* E'* \/;

2
e Vectors of module equal £ * \/;

The reference voltage vector can be written:

—_—

2
Vi = E(VAN+aVBN+a2VCN+a3VDN+a4VEN) (6)
Where:
a=ex 2—7[
pJ 5

Following the substitutes of (3) in (6), one can
obtain:

—_—

vV =

re;

%E(SA +aS,+a’S.+a’S,+a*S,) (7)

The reference voltage vector can be written as:

_ 1 — —

Vref :F(TIVI +Ti+1Vi+1) (8)
T,=T+T, +T, ©)
Where:

T, : Switching period
T.: Application time of ¥, vector

T.,,: Application time of V,,, vector

i+l
1, : Application time of zero vectors (70 and Z

).

V. and ¥, are two vectors which delimit the
sector i where is the reference voltage VGCtOI‘a .
Then ¥, and V,,, can be written as:

V, =V, exp(ji - 1)%)
(10)

N
Via =V, exp(](l)g)
By setting (10) in (8), one can obtain:
T
Te

V=V CEen(ia-D D)+ exp(G D)) (1)

e

2 Va

Fig.3. Approximation of the reference voltage

vector

The definition (11) can be expressed as:



_r T, cos(9—i£):Vl_(Tl_ cos(f) +T,,)
° > (12)

V|1 sin(6- i%):— VT sin(%)

11

After development of the system (12), the duty-
cycles can be written as follows:

L sin(i%)V,d —cos(i%)V,q
i T
Vsin("_)
5 (13)
cos((i =) 2, —sin((i—1) Ty,
o - 5 5
i+l T
V. sin(=
;sin()

3-Modeling of a five-phase induction motor

Several assumptions of general theory of electrical
drives present at the time of modeling of five
induction motor. Such as, constant air-gap, the
spatial displacement between two consecutive
phases is 72 degrees; the rotor winding has the
same proprieties as the stator winding, linearity of
the magnetic circuit and sinusoidal spatial
distribution on the field.

Under those assumptions the five-phase IM model
is presented in a reference rotating frame (d-q) and

(x-y) as:

di,, . ) 1
7 - _misd + a)slsq + ﬁ¢rd + 7/6(),,¢rq +O'TSVSd
diisq . . 1

dt = _a)xlsd - myq - }/a)r¢rd + ﬁqu + O__stsq
diy _ . 1

dt 77 sX Lls sx
disy . 1

= _nls - _vs

dt Y
d
% = Lmlisd - ﬂ’q)rd + a)g¢rq (14)
dg, .
th = Lmﬂ’lsq - ﬂ’¢rq - a)g¢rd
g, _

dt - ﬂ¢rx
d(p,y
@ L, -c)-La

da J J

C.: Load torque

The state variables are the stator currents
(zsd,zsq,zsx, S}) the rotor fluxes (gord,(prq qprx,qpr})
and the electrical rotor speed @, . The stator

voltages (v V.,V Vsy) and the slip frequency

sd > Vsqo " sx o

o, are considered as the control variables. With

the constants deﬁnes as:

| LmR, RL, L
b e =
Ol s Lr L o1 s™r
2
R R 1
n=—",A=—t=—;u=—";0=1-—=
Lls Lr ]-'r Llr leLrl

The electromagnetic torque expressed in terms of
the state variables is given by:

PL
Con =P iy~ Prins)

V

(15)



The angle of transformation for stator quantities
given by:

0, =J.wsdt=j(w, +o, )dt

4-Rotor flux oriented control (RFOC)

(16)

The system is strongly coupled; indeed the
components of the voltage vectorv, andv,,

influence simultaneously the state variables i,
andi . We will place the axis in order to simplify

the differential equations.

Assuming that d-axis is held by the rotor flux

phasor, then ¢, =¢.and ¢,, =0 (17)
The condition (17) gives:
L R i
o, =L (18)
L9
i
0 =+ bl (19)
L 9
PLm .
on = L—r¢rlsq (20)
d
72 g 1, @)

dt

These expressions show that the flux depends only
on the component i, and the torque depends on

the componenti, .However the voltagesv,,and v,
influence in the same time on i, and i, thus on

the flux and torque, from where it came the idea to
add the compensation terms in order to return the
d and ¢q axis are completely independent.

Then v ,and v, can be written as follows:

Lﬂ‘l RI” ¢V

2

L

vsd = (Rv + pOiv )Z‘sd - a)s O-le.sq -
’ (22)

. L, .
Vg = (R, + pol, )lsq + @, L—¢, +woLi,

r

Where the compensation terms given by:
L R
esd = _a)s Oi’sisq _MT%
b (23)
L, )
esq = a)s L_¢r + a)s O-lesd

r
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Figure.4. Rotor flux oriented control for a five-phase induction motor
(Symbol (*) denotes references and parameters of the controller

The reference currents are expressed as follows:

! @
lsd = lsn = L_m
'* Lr *
lsq = * Cem
PL b (24)
.sx = 0

The currents flowing in the plane d-q are
responsible for creation of the rotating field in the
air gap of the machine; on the other hand x-y
components are responsible for the additional losses
in distributed-winding machines [4].



5-Simulation results

It is clear that the line-to-line load voltages have 3
levels waveforms (0,+E) similar of the three-
phase. However; the line-to-neutral load voltage

400

appears as a five-level waveform (O,i % Ex % E j

The line-to-neutral load VAN and the line-to-
Line load voltagesVABare represented in the
below figures.
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Fig.5. Line-to-neutral load voltage waveform (WAN)
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Fig.6. Line-to-line load voltage waveform{WVAB)

This strategy of modulation makes possible to
obtain the root mean square (rms) voltages
superiors of those obtained by the intersective
modulation and led to the achievements software
compatible with the constraints of calculation in
real times of the electric ac motor drives.

The numerical simulation carried out on Matlab
simulink of five-phase voltage source inverter
provides a balanced load of five-phase which
confirms the effectiveness of this strategy.
However, this five-phase voltage source inverter
will use to control a five-phase induction motor
through the space vector modulation strategy.



Speed profile 1

The reference speed and the load torque are step
applied respectively at t=0.1s and t=2s.

Fig.7. displays the simulation results for the
reference and real speed, reference and real
torque, reference and real rotor flux, stator

currents compounds i, andi,, stator phase’s

currents and speed and rotor flux error.
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Fig.7. RFOC of a five-phase induction motor (speed profile 1)



Speed profile 2 + ! ! ! '
The reference speed is variable (251.327rad/s at g
t=0.1s, 100rad/s at t=4s, 251.327rad/s at t=6 and E
200rad/s at t=8s) and the load is a step at t=2s. g
Fig.8. displays the simulation result. 5
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Fig.8. RFOC of a five-phase induction motor (speed profile 2)



Variable Load torque Profile
. . =
The reference speed is step applied at t=0.1s and =
the load torque is variable (8.33N.m at t=2s, b
6.33N.m at =4s and 4.33 at t=6s). E
Fig.9. displays the simulation result s
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Fig.9. RFOC of a five-phase induction motor (variable Load torque profile)



We have illustrated the response of the five-phase
induction motor under two different profile of
speed and profile of load torque. According to the
simulation results we can conclude many remarks.
The real rotor flux and speed follow-up the
reference quickly and perfectly, also the flux has
unchanged after the initial transient because we
considered that the motor parameters are constant.
However the torque response nearly follows the
torque reference. The flux error is closely to zero
even at the application moment of the load torque
confirms well the decoupled control between
torque and flux. Although, the application of the
load torque causes inevitable dip in speed shows
the proportionality between torque and speed, but
the actual torque follows quickly the reference
torque.

Conclusion

In this paper, we have developed the technique of
rotor flux oriented control of a five phase
induction motor, however this strategy allows to
control the five-phase induction motor in a similar
way as the dc motor, and we success to carry out
the decoupled between the rotor flux and
electromagnetic torque control. It is clear that the
dynamic behavior, obtainable with the rotor flux
oriented control is the same as it would have been
had a three-phase machine be used. Indeed the
rotor flux and electromagnetic torque are
controlled respectively with the stator currents
direct and indirect.

The simulation result shown the performance of
the RFOC but this type of control has a weak point
which acted of the bad robustness during the
parameters variation. For this reason one resorts to
other techniques base .on other concept of piloting
as the non-linear control.

Machine parameters

R =10Q C,=833N.m R =6.3Q
In=2.14 L,=046H f=0

L,=046H E =600V P=2

L =042 L =L, =0.04H
w*=251.327rad /s
@ *(rms) =0.5683wbh

Nomenclature
d-q d-and g-axis plane
X-y x-and y-axis plane
vy,.v,  stator voltages d-q axis compounds
VsV, stator voltages x-y axis compounds
igoiy, stator currents d-q axis compounds
iy, stator currents x-y axis compounds
¢.,,9,,  rotor flux d-q axis compounds
...9,  rotor flux x-y axis compounds
P number of pole pairs
J inertia coefficient
L, stator Cyclic inductance
L, rotor cyclic inductance
L, stator leakage inductance
L, rotor leakage inductance
f viscous friction coefficient
C, ,C. electromagnetic and load torque
L, mutual inductance
o, electrical synchronous angular speed
o, slip angular speed
(o} leakage coefficient
o, electrical rotor angular speed
R, stator resistance
R, rotor resistance
p laplace operator
Appendix A:

The proportional plus integral PI controller is used
for currents, speed and flux control. The
parameters of the PI are tuned to satisfy some
performance, such as stability and precision. The
PI is presented with the flowing equation:

Ki
R(p)=K,+—
P



We determinate the parameters K ,and K, of the

PI for each variable.
Where:

Flux: K, =2 et K, = PR,
"L L,L

m m—rl

2
Speed: K, =p.f et Kl.zp'j

(R.+R, G] )

K = rl
! p O-le

Currents i et i, :

2
L
K. =p(R.+R|—
i p(s r(Lj)

rl

Where p >1
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