Vector control of repulsion motor
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This paper describes an attempt for controlling the speed and torque of the repulsion
motor (RM) drive using the vector control technique. The RM has been modeled in an
arbitrarily rotating synchronous reference frame, where the torque and flux can be
decoubled and controlled. All the stator-referred quantities are resolved into forward and
backward rotating components before transforming them to the synchronous frame. The
direct axis of this frame is chosen to be aligned with the forward component of the rotor
current vector. The field orientation conditions can be established by selecting the steady
state forward model of the RM in the synchronous frame a¢ the reference model. Digital
simulations have begn carried out in order to validate the proposed vector control
scheme. The MATLAB / SIMULINK software package has been employed to simulate such
scheme. Simulation results show that good performance can be achieved whatever
changes occur in speed and torque conditions.

S gt ade S aay ddl g aal gl 4n gl @3 5 AY) IS jaall Agal 9o (A Aala B e (o SN & jaall lia
o ALLYL Y Wlldy dagiae 4pd (S5 ST & paall Gl aladial ¥l GU @l e a2 Jbg . AS ey die
u”,swam\w&”ﬁ&)ﬂhﬁh ,A,w)‘.g;uuuh,ﬂ|4jsmq;,ﬂ| ,A.A;LAL(’J‘,.‘L}‘
dpaall e g A pou (b aSadll dn gall pSaill Ay aladid AlSa) indl 138 payy . ddde By el O el Jea
A = g3 el Jlaall 4y ks aladiud ¢ Clllll a3l (5 ginal) 3 S el 138 Y olas w38 &5 G il 136d 5 . sl
Gy (3 A A adll 5 gal Jac 5y L Al 5 A1y Apalal Laalaal S je () S piall apan Jilas 3
s sl sal Gilaly Cuag 3aadl G gied) 8 Sy 4l @l paiall mpea digady el Ae s ey LS
GUES g paall (5 giuall (U & jadll G alaad okl ;) il Jas adaly . pliiuY) geac L AaleYl A 4

£l il il y (M lal e il oLl A5 5 3 130, 4 gl oSl Gt A D oy,
- Gl Gk i Lags (s il & paall as s gall aSadll 45 )b

Keywords:

1. Introduction

The RM is an ac commutator machine
having a single phase distributed winding
(field) on the stator and a standard dc winding
on the rotor. The rotor (armature) is equipped
with a commutator and a pair of short
circuited brushes displaced from the neutral
axis. The RM possesses two extremely
desirable characteristics: high starting torque,
and low starting current. Thus, the RM
develops more starting torque per ampere
than any other type of single phase motors.
On contrast, the RM has poor speed
regulation in the normal operating range and
unfavorable commutation conditions.

The analysis and control of the RM have
been attempted in few refs. [1-5]. All of these
researches aimed to control the speed of the
RM electronically using a triac in the stator or
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in the rotor circuits. In recent years, vector
control is the most significant development in
the area of adjustable speed ac motor drives.
Thus, it is possible to control an ac motor in a
manner similar to the control of a separately
excited dc motor and achieve the same
quality of dynamic performance [6]. The high
quality of dynamic performance of the
separately excited dc motor is a consequence
of the fact that its armature and field circuits
are magnetically decoupled.

In this paper, the vector control technique
has been employed in the RM in order to
achieve good dynamic performance. Thus, the
vector controlled RM will be suitable for
driving high starting loads such as washing
machines, lifts, locomotives, industrial
processes,...etc. The RM has been analyzed
using the double revolving field theory [7]
together with the state space vector theory [8].
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The flux and torque components of the stator
current are separated and controlled in an
arbitrarily selected synchronous frame. All the
stator-referred quantities are resolved into
forward and backward components before
transforming it to the synchronous frame. The
direct axis of the synchronous frame is chosen
to be aligned with the forward rotor current
vector. The field orientation conditions have
been proved via considering the steady state
forward model of the RM in the synchronous
frame as the reference model. Computer
Simulations have been carried out in order to
verify the robustness of the proposed vector
control scheme. The results prove that the
vector control technique can be applied
successfully to control the speed and torque of
the repulsion motor drive.

2. Mathematical model of the RM

The RM consists of a dc armature rotating
in an alternating magnetic field. The brush
axis is displaced from the field axis by an

electrical angle ¢ as shown in fig. 1. The

dynamic model of the RM in the a-/
stationary frame can be described as [9],

Vs R, +L,p L.p 0 i,
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1, =1,5 Voo =V i, =i cosq>
i, =i sin¢ , and
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1,V ,i,. are the space vectors of the
statgr eurrent, stator voltage, and
fotor current.

R,,R, - are the stdtor, and rotor
resistance.

L,L,,L, are the stator, magnetizing, and
rotor inductance.

P is the differential operator , d/dt.

o, is the electrical angular rotor speed.

Eq. (1) can be written alternatively in terms of
the a-f stator and rotor flux linkages,
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Fig. 1. Schematic diagram of the repulsion motor.

The mechanical motion of the RM can be
described as,

P(T, -Tp)=Up+D)o,, (3)

where P is the number of pole pairs, 7 is
the electromagnetic torque developed by the
motor, [; is the load torque , J is the
moment of inertia and f is the friction

coefficient.
The electromagnetic torque developed by
the RM is then given by,

Te = -PLy dpyias

=—P.I"m
I

-kﬂr-ia.s * (4)

T
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3. Torque control requirements

The objective in  vector control is to
separate out the stator current into two
components; one for creating the flux and the
other for creating the torque. These
components are controlled independently in
a de-coupled manner as in a separately
excited dc motor. The analogy of the RM
system to a dc machine is apparent in the
sense of producing a fixed space angle
between the field flux and armature MMF
regardless of the rotor speed. Unlike the dc
motor, the field flux and armature MMF in the
RM are not in space quadrature. As a
consequence, a magnetic coupling exists
between the field and armature circuits.
Therefore, ~the requirements for torque
control of the RM are :

i) Independent control of the flux and
torque components of the stator
current.

iij Independent control of the spatial

angle between the rotor flux and the
torque component of the stator current
such that they are orthogonal.

If these requirements are met at every
instant of time, an instantaneous torque
contro]  would result. This can be
accomplished by transforming the machine
model expressed by egs. (2, 3) to an
arbiterarily selected rotating reference frame.
In a 3-phase balanced machine system, the
synchronous frame is especially interesting
since here the stator space vectors ( such as
voltage, current and flux ) are stationary and
have constant dc values.' In a single-phase
machine system like the RM, the single phase
pulsating quantities are firstly resolved into
two rotating components (forward and
backward) before transforming it to the
synchronous frame. In this case, the forward
component becomes dc while the backward
component  pulsates at twice supply
frequency. This is to be explained in the next
section values. In a single phase machine
system like the RM, the single phase pulsating
quantities are firstly resolved into two rotating
components (forward and backward) before
transforming it to the synchronous frame. In
this case, the forward component becomes dc
while the backward component pulsates at

twice supply frequency. This is to be explained
in the next section.

4. Analysis of the RM in the synchronous
frame

The RM is a singly fed machine, receiving
electrical input from the stator side only.
When the stator winding is connected to a
single-phase supply, then it produces a
sinusoidally space distributed MMF whose
peak value pulsates with time. The space
vector of the stator current can be defined as

i, =1 cosfl

where [, is the magnitude of the stator

current space vector, and €, is the spatial

angle measured from the stator (field) axis
which can be expressed as the integral of the
stator current angular frequency

6, =Ims.dt.

As the magnetic axis of the rotor is
displaced by an angle ¢ from the field axis,

then the rotor current space vector can be
represented by:

1, =1 .cos(6, + ¢),

where /, is the magnitude of the rotor current
space vector. Using the double revolving field
theory, each of the pulsating stator and rotor
current space vectors can be resolved into two
vectors having equal magnitudes and
rotating  with angular speed @, in opposite
directions (forward and backward) as seen in
fig. 2.

S L L £ .
iy =7s[ej(')s +e =il 4ib (5)

AQINT g - o of
ie =—2'—[eJes +e 0 it iF L qb (6)

where:
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i are the forward and backward

components of the stator current space
vector, and

are the forward and backward
components of the rotor current space

vector.

o

1

S
b ol Ol el
s lg

Fig. 2. Resolving the stator and rotor current space
vectors into two equal opposite rotating
vectors.

For decoupling control of the RM to be
achieved, all the stator referred variables are
projected on a d-q synchronous frame rotating

with angular speed @,. The new frame is

selected such that its d-axis is aligned with
the forward component of the rotor current
space vector. In this case, the d-q stator
current space vector would become (with the
aid of eq. (5)).

_ b

lgge =1,.87%% = %.e"’(l +e %) — ligs + Lags (7)
ol b .

where 1,1, are the forward and

backward components of the stator current
space vector in the d-q synchronous frame.

The individual components of the d-
stator currents can be written using eq. (7) as:

-b Is

i‘;s = 7°°S¢""""ds = —=c0s(204 +¢)

2 3 8

| | LR
= gy = ——2ism(28s +¢)

Similar expressions can be obtained for the d
q stator voltage.

The rotor current in the d-q synchronou
frame can be described using eq. (6) as:

3 0 S LR et e
i = 1, 4TINS —2'—[1 +e %)=L Yy ©

. b
where lqur,ldqr are the forward anc
backward components of the rotor curren
space vector in the d-q synchronous frame.

The d-q components of the rotor curren

are expressed with the aid of eq. (9),

ifj, = -Izl, ..... iS5 = --.cos 20,
(10)
il =0 dly = —-F5in 26,

The rotor flux linkage can be described ir
the d-q synchronous frame as:
)"dqr b Lridqr B Lmidqs b

Using egs. (7) and (9), the value of the
rotor flux linkage would become,

5 2 i b
;'dqr = %(Lrlr + Lmlle.‘”)(l I e']29.) i )‘dqr + qur 2 (l IJ

where ﬂﬁq, X l’;q, are the d-q forward and

backward components of the rotor flux linkage
which can be separated into its individual d-
and - components,

X, = %(Lrlr +L I cos¢),

LI [LI cos20 +L 1 cos(20 i) (1)

“di P

[}

A= —%Lml_ sin ¢,

A = ——;-[L,l, sin26, + L1 sin(26, +4)).
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Similar expressions for the d- and q- stator
flux linkages can be obtained.

The electromagnetic torque of the RM can
be expressed in the synchronous frame as

| L
it =Pf“—(/.d,1qs =Agrids) s (13)
r

which yields after expansion (using egs. (8)
and (12)) two terms; an average torque and a

pulsating torque at 2w ; i.e.

ia=-PL I:lr sin ¢(1 +cos 26) . (14)

&

3

The preceding discussions reveals that all
the d-q stator referred variables consist of an
average dc forward component superimposed
upon a sinusoidal ac backward component
pulsating at twice the stator frequency.

5. Vector control strateg‘r of the RM

The d-q model of the RM can be
established simply by converting the
stationary model expressed by eq. (2) toan
arbitrarily rotating synchronous frame. Since
these equations are linear, the forward and
backward components are handled separately.
Therefore, the forward d-q model of the RM
can be expressed by the following equations

¢

e f _ i
Vi =Ryt gg +ph g, —Oshgs.

f , of At i
Vgs = Rslgs TPAgs +0gh g

Rl 3 (15)
t):R,er +ph g, ~Osihgr.and

gy <) 2 I A f
U:l\rlqr +Phgr TOgA 4

is the differehce between the

synchronous and actual motor speeds.

Similar equations can be obtained for the
backward d-q model with ®, replaced by -®, .
" Since the forward variables appear as
constant dc quantities in the synchronous
frame, the steady state model can be obtained
by eliminating the time derivative terms from
eq. (15). Writing only the forward rotor circuit
equations in the steady state:

where

A f
0=R r]dr —(L)slqu

f L 15)
0=Rigr +oghy

where
Al -f
Mg =Lrig +Llmlgg

£ f f £7)
Agr = Lpge + Lmigs

As the forward rotor current is chosen to
be aligned with the d-axis, therefore it has no
component in the q-axis ,

.

i, =0. (18)
It follows from eq. (16) that,

XN i (19)

Thus, the forward rotor flux is completely
oriented in the g-axis. Using eqs. (18), (19),

and substituting in eq. (17), it can be easily
concluded that :

| Pt

of m f

1, = — L 20

dr L,- ds ( )
f f

Agr =Ll - i (21)

Eq. (21) describes that the g-axis forward

stator current is responsible for producing the
forward rotor flux. Of course, the orthogonal

component i‘{, is responsible for producing the

forward torque. Combining eqs. (16,20,21), the
slip frequency is found to be;

sl T t igs > _ j
where T; is the rotor time constant, .T,=L, /R,
Substituting from eq. (8) in (22), yields,

1

g = m . (23)
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Eq. 23 indicates that if the brush axis is kept
fixed at a certain angle ¢, the slip frequency
will be constant and independent of load and
motor speed. This is attributed to the fact that
the magnetic axis of the rotor is fixed in space
with respect to that of the stator.

Using eq. (23), the stator frequency nece-
ssary for satisfying the field orientation will be

1
"
T, tan¢

0, =0, (24)

Eq. (24) reveals that at a certain brush angle
¢, the stator frequency of a field oriented RM

must be set in accordance with the motor
speed. Thus, the stator frequency must be
kept above the rotor frequency by a difference
depending upon the initial set of the brush

angle ¢. On the other hand, If the brush axis
is displaced by a negative angle ¢ , then the
slip frequency will be negative. In this case,
the stator frequency must be adjusted below
the rotor frequency by the slip value to ensure
field orientation. This would give the flexibility
to keep the stator frequency at a low level at
high speeds. The average electromagnetic
torque developed by the field oriented RM can
be calculated using eqs. (13) and (21).

Lt op oot b
Te = -P—hgrigy = -P—igig, . (25)
r T
The relation between iy, , andif48 can be

written using eq. (8),

i, =-il,.tan¢ . (26)

s>

Thus, the relation between torque and flux
components of the stator current is controlled

via the brush angle ¢.

Combining egs. (25) and (26), the average
torque can be written in terms of the torque
producing forward current,

)

T. = p%-“-(igs ) tang . (27)

r

Eq. (27) clearly shows that adjusting the
torque current command only can control the
average torque of the RM.

6. Control scheme

The block diagram of the proposed control
scheme used for simulation is shown in fig,
3.

The actual speed ®, is measured and

compared with the reference speed co:_ . The
speed error is fed to Pl controller in order to

*

generate the torque current command 1

ds*
Using eq. 26, the flux current command i:_,s

can be calculated. The d-q command currents
are compared with the corresponding actual
values, and the errors are fed to Pl controllers

to generate the reference voltages v/, and
V;s . These voltages must be rotated through
an angle (0, +¢) in
commanded stator voltage in the fixed frame
which is applied on the RM through PWM
inverter. The transformation from the
stationary frame to the synchronous frame
and vice versa can be obtained by summing
the commanded slip frequency (calculated by
eq. (23)) together with the rotor frequency and
the resulted sum is integrated and then added
to the brush angle.

The parameters of the vector control
scheme are chosen as: sampling period = 0.1
ms, carrier frequency for the PWM =2.5 KHZ,
gains of PI- controllers are Kp=Ki=0.1 for the
speed loop, and Kp=0.05, Ki=300 for the d-q
current loops.

order to obtain the
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7. Results

The proposed vector control scheme of the
RM has been simulated on the digital
computer using the Matlab/Simulink software
package. The RM wused in the simulation
procedure has the following specifications [1]:
1/3 hp, 4-pole, 115 volt, 2.95 amp, 1430 rpm,
simple repulsion motor.

Stator resistance = 8 ohm.

Stator self inductance = 2.2 ohm.
Rotor Resistance = 0.168 ohm.

Rotor self inductance = 0.033 henry.
Mutual inductance 0.076 henry.

Fig. 4-a shows the simulation waveforms
of the proposed control't scheme when the
brush angle is assumed to be adjusted at 20°.
The motor speed command is chosen such

Synchronous frame

that it varies linearly during the starting
period (1 sec.) and then a constant speed of
1000 rpm is kept during the remaining
simulation time. The load torque is initially
applied with a constant value equal to 0.5 p.u.
from t=0 to t=3 sec., then a 0.5 p.u. step
increase is assumed at t=3 sec.

~ It has been indicated in this figure that,
the actual motor speed follows the command
speed. A small dip is noted at the instant of
applying the step disturbance in load torque,
but the command level is restored fast.

It has been shown also that the average d-
axis rotor flux is zero while the average g-axis
flux depends on motor load. In other words, it
can be said that the field orientation principle
has been satisfied.

I fixed frame

Rotation i i"'l

[ (6, +¢)] Vs
-2 >—AA vsI
PWM
;
Romtion
—jlBs+¢) 3. dus
e T —
+
¢
Repulsion
motor

Fig. 3. Block diagram of the proposed control scheme.
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Fig. 4-a. Simulation waveforms of the proposed control scheme when the motor speed is kept constant and a step
disturbance in load torque is applied at t = 3 sec.

"1 Stetor Voltage

Fig. 4-b. Waveforms of the stator voltage, stator current and rotor current showing the inverter switching eflects
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The figure also records the fast response of
motor torque, stator current and armature
current to the change in load torque.

Fig. 4-b indicates the inverter switching
effects on the stator voltage (during 10 ms),
stator current and rotor current waveforms
(during 50 ms). '

Fig. 5 shows the simulation waveforms of
the proposed control scheme when a constant
0.5 p.u. load torque has been applied on the
motor and the command speed is assumed to
drop linearly from 1000 rpm at t=4 sec. to 100
rpm at t=5 sec. Again, the actual motor speed
follows the variation of the command speed.
Also, an approximately zero average d-axis
rotor flux has been recorded.

The figure also illustrates a slight
reduction in the motor torque during the low
speed region. This is attributed to the
reduction in the torque required from the
motor to overcome the friction torque.
Consequently, the d-axis command current
responds to this slight variation. According to
eq. 26, the g-axis command current responds
also to this variation. Therefore, the g-axis

rotor flux has been slightly reduced (eq. 21 ) in
the low speed region. Similar reductions in the
stator and armature currents are noticed also
in fig. 5 for the same reason.

In summary, the vector control technique
can be applied successfully to the RM. The
motor torque and rotor flux are decoupled
and controlled independently. Thus, high
performance can be achieved with the vector
controlled RM drive.

8. Commutation quality

In ac commutator machines and so RMs,
the commutation takes place under more
unfavorable conditions than in the dc
machines. This is due to the transformer emf
induced in the short circuit winding element,
which makes the commutation worse in
comparison to that of the dc machine.
Moreover, the commutation problem would be
more difficult when the RM is fed through
PWM inverters (as in our case) with its

inherent high frequency switching. This effect
can be reduced by:

Fig. 5. Simulation waveforms when the load torque is kept constant at 0.5 p.u. and the motor speed is reduced from

1000 rpm at t=4s. to 100 rpm. at t=5 s. 15

Alexandria Engineering Journal, Vol. 40, No. 2, March 2001 i 167



A.A. Hassan / Vector control of repulsion motor

1-Choosing the brush angle in such a way
that the slip frequency command (eq. (23))
is as small as possible. Consequently, the
RM will always operate near synchronous
speed, at which the transformer emf
becomes zero and therefore, the committing
conditions become the most favorable.

2-Using a filter circuit on the output side of
the inverter. Thus, the sinusoidal PWM
inverters have the effect of shifting the
harmonic frequencies to a high level, where
they are more easily filtered.

9. Conclusions

This paper demonstrates that the vector
control technique can be applied successfully
for controlling the speed and torque of the RM.
The field and  armature circuits are
magnetically decoupled in an arbiterarily
synchronous frame. All the stator referred
variables are resolved into forward and
backward rotating components before they are
converted into the synchronous frame. The
direct axis of this frame is chosen to be
aligned with the forward rotor current vector.
The field orientation conditions are proved by
considering the steady state forward model of
the RM as the reference model.

Digital simulations hgve been carried out
in order to validate the proposed control
scheme of the RM drive. The results obtained
show that the vector controlled RM drive has a
high dynamic performance, and operates well
whatever speed and torque conditions change.
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