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Constant Margin-Angle Control of Commutatorless
Motor Using Microcomputer

SHOJI FUKUDA, MEMBER, IEEE, AND SHINJT SASAKA

Abstract—Constant margin-angle control is a triggering scheme that
can eliminate the commutation failure and increase the power factor and
efficiency of commutatorless motors. The described scheme does not
need to detect the margin angle, but the de current and overlap angle are
detected instead. The margin angle is controlled by using a correction
table of the lead angle in terms of the dc curvent, which provides a
practical solution to implement the constant margin-angle control. The
problems introduced by the scheme, the occurrence of instability and
ecommutation failure, are discussed, and methods to eliminate them are
presented. Experimental results confirm the validity of this scheme.

I. InTRODUCTION

HE commutatorless motor (CLM) is a synchronous motor
fed by a current source inverter, where the constant
margin-angle control scheme has been proposed for the
improvement of the motor performances, i.e., elimination of
commutation failure and increase in power factor and effi-
ciency [1], [2].
There are two ways to implement constant margin-angle
control.

1) The margin angle § is detected and is directly controlled
[3].

2) The dec link current Id is detected and 4 is indirectly
controlled by using a function generator [1], [2] or a
correctipn table [4] in terms of Id.

The first way seems to be better because 8 can be kept constant
in a transient state as well as a steady state. However,
detecting & over a wide speed range is difficult, since ripple
voltages generated by a rectifier appear in the terminal
voltages of CLM and disturb to detect the zero crossing point
of the terminal voltages {3]. On the other hand, the second way
is considered to be more practical and applicable to adjustable
CLM drives because the detection of & is not needed.
References concerning the second way dealt with a steady-
state performance, but a transient performance is also impor-
tant to put the scheme to a practical use.

In this paper the second way, mainly under a transient state,
is treated, in which the overlap angle u is detected and used to
improve the transient performance of CLM. The entire speed
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regulator system is illustrated in Fig. 1. Constant-6 control is
demonstrated by the feedback loop using Table I. The
relationship between the dc current and the lead angle has been
calculated in advance under the assumption of the steady-state
operation with 8 = 20°, and has been tabulated in the ROM of |
a microcomputer, The microcomputer looks up the table and
corrects the lead angle f, in terms of the dc current Id and the
overlap angle u.

The constant-6 control scheme using the table raises two
problems that must be elucidated and solved to put the scheme
to a practical use. The first problem is the problem concerning
instability.

The constant-6 control scheme has intrinsic instability. This
is due to the voltage drop in induced voltage during the
commutation period [5]. In this paper, the Routh-Hurwitz
criterion is applied to the linearized CLM equations with
constant-§ control, and stability investigations are made at
every operating point in the current-versus-speed plane. The
results show that CLM becomes unstable in heavy-load and/or
high-speed operation. A method to stabilize the CLM system
is presented. .

The second problem concerns the transient behavior of the
margin angle. Since Table I has been determined under the
steady-state condition, & in a transient state does not always
coincide with the reference values of 20°, which may cause
commutation failure if § reduces remarkably. The variations in
5 in a transient state are calculated by a digital simulation
technique. The results indicate that the commutation failure
will occur when a rapid increase in Jd occurs, if there is a
relatively long delay time in the gate pulse generators of an
inverter. A method to prevent the commutation failure is also
presented.

Finally the constant-6 controlled CLM speed regulator is
implemented by use of a microcomputer, Stable operation with
the high power factor is confirmed by means of the experimen-
tal results.

II. STABILITY INVESTIGATION
A. Instability in the Constant-6 Control

The salient-pole CLM can be represented by the following
nonlinear differential equations [6]:

¥do= —(3V3/x)Id - Ladd sin (8o—u/2)-+Lddo - idd
Ydd=Ydo+Lfdd - If

Ygo=(3v3/7)Id - Ladq cos (84— u/2)+Ldgo - idg

0093-9994/87/0900-0855$01.00 © 1987 IEEE
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Figl 1. Control block diagram of commutatorless motor with constant
margin-angle control using ROM table.

TABLE I
CONSTANTS OF THE MOTOR

Power 1 kW

Pole number 4

Rated voltage 100V

R 3.171 2
Lde 95 mH

Lddo 27.6 mH
Ldgo 17.1 mH

Ls” 4,74 mH

rf 199

Lf 776 H

rdd 2550

rdq 2650

Laf 316 mH

Ladd 20 mH

Ladg 11.2 mH
Lfdd 413 mH

J 0.33 N'm-s?
Rw 0.0161 N*m-s

P - Ydd+rdd - idd=0 6]
@

&)

P Ygo+rdg - idg=0
Vf=(Laf/Ladd)P - Ydd+(If - P+rf)If
A=p - em(Laf - If +kd + ¥do)+P - kg - ¥qo
=—p-wm- kg Ygo+P(Laf - If +kd + ¥do)

7An=p - wm(Laf - If+kd - ¥do),
Bn=-p-wm- kg - ¥go

V2 Vi=vA 1+ B? , tan (a)= — B/A, kd=Ladd/Lddo
kq=Ladq/Ldgo, Ex=3p - wm - Ls” - Id/w
=36 Vi cos (Bo— a—u/2)+cos (Bo—a)/(27)
Ed=36 Vi cos (Bo— o)/ 7+ Ex

Vd=(Ldc - P+R)Id+Ed (4)

Ye=vVA2+B%/(p - wm), n=cos (Bg—a—u/2),

Tav=(N3/x)p - Id - yg -y
Tav=(J + P+Rw)om+TL ©

where ¢ = cos (8y — u/2); ¥dd, ¥qo denote the total
magnetic flux linkages of the d-axis and g-axis damper
windings, respectively; and If, wm denote the field current
and angular speed of the motor, respectively. To elucidate the
cause of the instability in the constant-6 control scheme, let us
consider a damperless cylindrical-pole CLM as a simple
example. The dc counter EMF is obtained by

Ed=@3V3/7)p - wm - Laf - If + &. (6)

~ In the constant-6 control scheme, the lead angle 8, is increased

with an increase in dc current /d. That is, _
M

This means that the dc counter EMF is decreased as the dc
current increases, which is an intrinsic characteristic in the
constant-§ control. If K& is large enough, the unstable
behavior of CLM may occur. The saliency of the motor
furthers this characteristic. The contents of Table I used in the
constant-8 control loop are illustrated in Fig. 2. The parame-
ters of the tested CLM are given in Table I.

Equations (1)-(5) are linearized by assuming small pertur-
bations in the vicinity of equilibrium points, then Af is
replaced by — K¢-Ald, which makes up the linearized CLM
equations with constant- control [7]. The equilibrium point is
determined by (8 — ©/2)o, Ifo, Ido, and wmo, but (8, — u/ .
2)o and I/do must be chosen out of the values on the (8 — 1/
2)-versus-Id curve in Fig. 2.

Stability discrimination is carried out by the application of
the Routh-Hurwitz criterion to the linearized equations. The
results are illustrated in Fig, 3, where the region below the
curve is stable and above is unstable. The figure indicates that
CLM becomes unstable if X't is large, and gets unstable at a
smaller value of K¢ as the speed becomes high. K£ increases ,"_f

Af(/Ald = —KE<O.
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DC current Id [A]

Fig. 2. Characteristics of 8, — «/2 and K'¢ versus dc current under margin
angie = 20° constant.
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DC current Id [A]
Fig. 3. Stability limits under constant margin-angle control.

with an increase in the dc current, as depicted by the broken
line in Fig. 2, therefore a stable region in the current-versus-
speed plane can be obtained as Fig. 4. It should be noted that
the stability depends on the speed and dc current (therefore,
load). As the speed becomes high and/or load becomes heavy,
CLM is liable to be unstable.

B. Stabilization by Means of the EMF Compensation

As described above, the instability of the constant-6
controlled CLM is caused by 2 decrease in the dc counter EMF
with an increase in the dc current. The compensation of the
decrease in the EMF can stabilize the system. The way of the
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1200 UNSTABLE

Speed N [rpm]
i

800 -
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DC current Id [A]

Fig. 4. Stable operation region under constant margin-angle control.
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0.02 B

] | I | {
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Fig. 5. Peedback gain in dc counter EMP cmﬁpensation loop.

compensation is demonstrated by the feedback loop using
Table I in Fig. 1. The loop gain kc is determined by

ke=(Edo—Ed)/N (8)

and is iflustrated in Fig. 5, where Ed and Edo are the dc
counter EMF under the steady-state conditions at load and at
no-load, respectively. ‘

Since the gain depends nonlinearly on the dec current, it has
been tabulated as in Table II. Fig. 6 shows the loci of the
principal roots of the linearized constant-6 controlled CLM
characteristic equations with the EMF compensation. No root
exists in the right half-plane, which indicates that the system is
stabilized. Fig. 7 shows the step responses to AVd = 8 V.
The initial operating point is No = 485 r/min, Ido = 2 A,
which denotes a stable operating point. Fig. 7(a) is without
compensation and Fig. 7(b) with compensation. In Fig. 7(a)
the transient attenuates slowly with oscillations, which sug-
gests that the system is underdamped, whereas in Fig. 7(b) it
decays quickly. Accardingly, it can be seen that the compensa-
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im
Id=1[4] 3 . —10.8
Ng=1200{rpm]
— 0.4
9
20 d
~0.4 0.0

Fig, 6. Loci of principal roots of constant margin-angle controlled CLM
with counter EMF compensation.

511

Fig. 7. Step responses of dc current and speed to AV = 8 V. Horizgntal;
0.2 s/div. (a) Without EMF compensation. (b) With EMF compensation.

tion ‘is effective to stablhze the constant-§ controlled CLM P \Iqu {(3\/_ /mYLadq - Id cos (By—u/2)

system behavior. : — W dq}(rdg/Ldgo) (10)

III. INVESTIGATION OF TRANSIENT BEHAVIOR OF MARGIN ANGLE Laf - Lfdd <

A. Definition of the Transient under Consideration Pl { (f Forddl & T dd) If ;
. Ladd - Lddo 3
The constant-§ control scheme using a table has an inherent Laf - Lfdd 3

problem with commutation. Since the table is determined +— (3 V3/ m)Id - sin (8y—u/2)

under a steady-state condition, there is no guarantee if 6 is kept Lddo

at an expected reference value under a transient condition, Laf- rdd _

Thus to investigate the behavior of § in a transient state is F Tadd - Lddo Ydd+ Vf} /Lf (1

essential for realizing adjustable CLM drives with this

scheme. P-om=Rw - wm+Tav—TL)/J (12)

Most of adjustable CLM drive systems include a current- _
control loop inside a speed-control loop, as shown in the A=p - wm(Laf—kd - Lfdd)If+kd - ¥dd
experimental system of Fig. 1. In these cases the de current js _ +kg - P - Wdy
controlled by the current-control loop so as to follow a current _ .
reference quickly given by the speed-control loop. If this is the B=—p - kg + wm - ¥dg+(Laf—kd - Lfdd)P - If
case, (1)-(5) can be approximated by a current-input model [8] g
instead of a voltage-input model; +kd - P - ¥dd

iy g‘:“; s e s R S el g

_ | p-om-Ls" - Id ]
; —i_ . : - _ u=2sin"!
P - ¥dd={-(3V3/7)Ladd - Id sin (By—u/2)—¥dd ‘ [ V3(A sin (Bo—1/2) 1 B oos Bai/D)

+Lfdd - If}(rdd/Lddo) (9) 5=PRo—c—1.
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In such systems the largest transient occurs when a large
step change is imposed on the speed reference, because it
requires a large step increase or decrease in the current
reference. The current responses to that step change may be
approximated exponentially: for increasing Id

Id=Im+ (Io—Im) exp (— t/7) (13)
for decreasing Id '
Id=Io+(Im—1Io) exp (—t/7) (14)

where Jo and Jm denote a no-load and maximum permissible
current, respectively, and 7 denotes the time constant of a step
current response. It is noted that these two equations take
account of the Jargest transient possible.

B. Transient Behavior of the Margin Angle

Digital simulation is carried out to the current-input modei.
The results are illustrated in Fig. 8, where the solid lines show
the responses of  when /d is increased as represented in (13).
8 exceeds the reference value 20°, then decreases gfadilally to
20°. Therefore, no problem is considered to exist with the
commutation.

The broken lines show the responses to a decrease in Id as
expressed in (14). § decreases slightly below 20° at a time rate
determined by the speed of the current-control loop, then rises
gradually toward 20°. But there seems to be no problem if 20°
is taken into account as a margin, because the amount of the
decrease is only several degrees.

In the experimental setup, however, there was a delay txme
for feeding gate pulses to inverter thyristors. It was due to the
use of counters for the gate pulse generators. The delay was
the time interval after a value of 8, was put on the counter and
before the gate pulse was fed to a corresponding thyristor. The
delay time is represented by

Td=(7/2—Bo)/(p - wm) (15)
where p is the number of pole pairs and 7¢d is nearly one
sampling period of the margin-angle control routine. Since this
delay is inversely proportional to the rotating speed of CLM, it
has a serious effect on the transient behavior of §, especially in
low-speed operation.

The simulation results are illustrated in Fig. 9. They
indicate that & has a sharp dent from its reference value when
Id is increased. The denf becomes deeper as the speed is
slower, and also becorfies deep if the response of the current-
control loop is fast, which will cause failure in the commuta-
tion at the first commutation after Id is increased. In this
situation in the experimental system, the constant-§ control is
switched to the constant lead-angle control with (8, — ©/2) =
50°, and increasing /d is delayed by one sampling period
when Jd must be increased in accordance with a step rise in the
speed reference. In this way the commutation failure can be
avoided.

When fd is decreased as in (14), on the -contrary the
simulation results (not shown) indicate that & shows a sharp
tise beyond the reference value, then reduces toward 20°,
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Fig. 8. Transient behavior of margin angle.
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Fig. 9. Transient behavior of margin angle, taking account of delay time of
gate pulse generators.

Consequently, excepting the dent, the variations in & are all
on the safety side in terms of the commutation.

1V, EXPERIMENTAL SYSTEM

The configuration of the tested setup is illustrated in Fig.
10, and the control block diagram is in Fig. 1. There are three
major control processing routines, all of which run on an
interrupt basis,

The speed-control processing routine is illustrated in Fig.
11. At first, speed error is calculated. When the error is
smaller than a specified value, i.e., —n;, a regenerative
braking mode is chosen as a control mode. In this mode the dc
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Fig. 10. Configuration of experimental system.

SPEED ERROR
CALCULATION

g=Nr-N

MODE CHOICE

REGENERATIVE
BRAKING

ACCELERATION
WITH MAX. CUR.

P.I.
COMPENSATION

!
CURRENT
LIMIT

Fig. 11. Flow chart of speed control.

current is reduced to zero, then the motor side converter starts
rectifier operation and the line side converter does inverter
operation. Accordingly, the direction of the dc voltage is
reversed and regenerative braking is performed. When the
error is larger than n,, an acceleration with a maximum
current mode is selected. In this mode the output of a current
reference is suspended, and the margin-angle control routine
undertakes its output instead. If this is the transition time to the
acceleration mode from the other control mode, a transition
index is set for processing to prevent the commutation failure.

In the case when the error is —n, < ¢ < ny, the usual
proportional/integral (PI) compensation is executed, and a
current reference is given to the current controller: This
routine runs every 8.33 ms.

In the current-control processing routine, the dc counter
EMF compensation, P1 compensation, and cos —! tompensa-
tion are carried out. Finally the firing angle is fed to the gate
pulse generators of the rectifier. This routine runs every 3.33
ms. )

The margin-angle control processing routine is illustrated i
Fig. 12. At first, whether or not the present mode is the
acceleration mode is checked. If it is, then whether or not the
transition index has been set is checked. If the index has been
set, the lead angle (8g —u/2) is determined as 50° corstant

‘ START )
ACCELERATION k4
MODE ?

N

TRANSITION TINE
TO ACCELERATION?

MARGIN-ANGLE
CONTROL

A

A Ir = Im RBo-u/2=50°

8o OUTPUT j
[

1IIEEEHH"

Fig. 12. Flow chart of margin-angle control.

60
40
20

700

500

Fig. 13. Responses of dc current, lead angle, and speed to step change in
speed reference, 300-600 r/min. Horizontdl; 0.5 s/div,

and the output of the current reference, the maximum value
Im, is delayed by one sampling period during the acceleration.
This processing means that the current is raised after the gate
pulse of 50° is sent to the inverter thyristor. Thus the
commutation failure in,the case of a rapid increase in Id
required by the speed ct!ntroller can be prevented.

If the control mode is PI action in the speed-control routine,
the constant-§ control using the table is exccuted, and finally
the lead-angle is fed to the gate pulse generators of the
inverter. This routine runs every 60° in the rotor frequency.
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Fig. 14. Responses of dc current, lead angle, and épeea to step load change.
Horizontal; 0.5 s/div.
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.Fig-. 15. Waveforms in four-quadrant operatioh.

V. EXPERIMENTAL RESULTS

Fig. 13 shows the responses to a step increase in the speed
reference. The lead angle (8y — %/2) and current fd were .
maintained at 50° and 7.5 A, respectively, duiing the
acceleration. Fig. 14 shows the responses to a step load :
change. Since a stép load change could not be detected by the A
software used, the constant-§ control was in operation 4 ) G
throughout the period. The commutation failure did not occur, 7
although the speed was as slow as 300 t/min. This was mainly .4
due to the fact that the time rate of the rise of the current 1 /EA/ ’
caused by a step increase in the load was much slower than that ‘
caused by a step increase in the speed reference. However, ifa g
heavier step load increase were required, this method might
fail. To design gate pulse generators with a minimal delay time
and to use them is the best solution for preventing the
commutation failure,

Fig. 15 shows the oscillogram in four-quadrant operation.
Rapid speed reversal with stable regenerative braking was that the constant-§ control scheme has an advantage over the
performed. Fig. 16 shows the characteristics of the torque, and  constant lead-angle scheme.

Fig. 17 shows those of the powet factor of the ac line input in

the two Kinds of triggering control schemes, where the curves VL. Concrusion

with a solid line, broken line, etc. represent the theoretical and The constant margin-angle controlléd commutatorless mo-
where O, 0, and A represent the tested values. It is obvious  tor and its operating characteristics have been discussed. One

Torque [N m]
o
i
N
3
o

A%

1 1 i I

0 2 4 ] 3
BC current Id [A]

Fig. 16. Torque versus de current characteristics in constant margin-angle
and constant lead-angle schemes.
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Fig. 17. Power factor of ac line input in constant margin-angle and constant
lead-angle schemes.

of the features of the presented scheme is that detection of the
margin angle is not needed. Two problems raised by the
scheme have been discussed: one is the instability and the

other is the variations in the margin angle in a transient state,”

which is closely related to the commutation capability of the
motor. The methods to eliminate the instability and to preverit
the commutation failure were presented. Finally, the schemc
has been implemented by the use of a microcomputer.
Experimental results show that the scheme is efficient and the
presented methods are effective for solving the problems.

NOMENCLATURE

Bo Lead angle of commutation defined at no-

o load.

o Shift angle of armature voltage due to
armature reaction.

u Overlap angle of armature currents,

8 Commutation margin angle (=8 — « —
u). '

Vd DC input voltage.

%3 Field input voltage.

Ed. Counter EMF of dc link circuit.

Tav Torque developed.

TL Load torque.

Id DC link current.

If Field current.

idd, idqg d-axis and g-axis damper currents, respec-

: tively.

Wi Meéchanical angular speed of motor.

R Resistance of dc link circuit.

Ldc Inductance of dc reactor.

rf Field resistance.

rdd, rdg d-axis and g-axis damper resistances, re-
spectively.

Lddo, Ldgo  d-axis and g-axis self inductances, respec-

= tively.

Mutual inductance between armature and

' Laf
: field windings.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. [A-23, NO. 5, SEPTEMBER/OCTOBER 1987 :

Ladd Mutual inductance between armature and d-
axis damper windings.

Ladg Mutual inductance between armature and q-
axis damper windings.

Lfdd Mutual inductance between field and d-axis

damper windings.
If Field leakage inductance.
Ls” Subtransient inductance,
R Damping coefficient of mechanical citcuit.
J _ Moment on inertia.
Ydo, Ygo Magnetic flux linkages of d-axis and g-axis
damper windings created by armature and
damper currents, respectively.
Total magnetic flux linkages of d-axis
damper windings.
D Number of pole pairs.
P Differential operator (=d/dt).

wdd’
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