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AsstracT. Controlled rectifiers are widely used as a source of DC
motors power supply. It is important to study motor characteristics
when fed from such converters. Early work has studied single motor
characteristics when fed from a converter. This paper is concerned
with the study of an AC-DC full-controlled converter supplying separ-
ately excited DC motor parallel with series DC motor loads. Continu-
ous and discontinuous converter currents are considered. The critical
firing angle is deduced. The margin firing angle that separates motor
operation from generator operation of the separately excited machine
is investigated. The performance characteristics have been derived
and studied for each of: constant firing angle, constant torque of the
separately excited motor and constant horsepower of the series motor.
Waveforms for each load current and converter current are investigat-
ed for different modes of operation.

Key Worbs: Controlled rectifiers, AC-DC converters, Full-controlled
converters, Series motor, separately excited motor, Paral-
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1. Introduction

DC motors are found in many applications in our daily life. Such motors are
heavily used in industrial processes, traction and elevators, entertainment “in-
dustry”, toys and home appliances. Separately excited DC motor is used in ap-
plications requiring independent field control where field supply is separate
from the armature supply. On the other hand, the series motor has both field and
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armature windings connected in series. In this manner, armature supply controls
both field and armature circuits. It is common in industry to fix more than one
DC motor connected in parallel and fed from the same source. At present, solid
state converters with high ratings are available. This led to the use of such con-
verters in supplying DC motors from AC source. The most common method of
converter control is the phase control. In this method, thyristor commutation is
achieved by line commutation and, therefore, no additional circuitry is needed.
This makes it simple, less expensive and it requires minimal maintenancel!l.

Some researchers have studied converter performance connected to a passive
load. Chung!?! presented a steady-state analysis of a two-branch resistance-
inductance parallel circuit controlled by an AC switch. Al-JuhaniB! also made
an analysis of an AC-DC converter supplying two-parallel inductive loads. Re-
garding the active load, Doradla and Sen!*! presented one of the early attempts
to study solid state series motor drive. They made an evaluation of control
schemes for thyristor-controlled DC motorl®]. Harmonics presented by a con-
verter supplying a single-motor have also been studied!®!. Most of the work re-
ported in the literature is related to converter supplying a single DC motor or
two parallel passive loads.

In this paper, analysis of a phase-controlled (AC-DC full-controlled) convert-
er feeding separately excited DC motor parallel with series DC motor loads of
different parameters and speeds will be investigated. The steady-state analysis
of this system will be obtained for each of the two modes of operation, (i.e. con-
tinuous and discontinuous converter current). An expression for the critical
firing angle (at which the converter current changes from one mode to the other)
will be deduced. The margin firing angle (that separates motor operation from
generator operation of the separately excited machine) will be investigated. Per-
formance characteristics such as input power factor, supply current distortion
factor, torque-speed, and motor current ripple factors have been derived and
studied for: constant firing angle, constant torque of the separately excited mo-
tor and constant horsepower of the series motor.

2. Steady State Analysis

The circuit under consideration is shown in Fig. 1, where S1, S2, S3, S4 are
four power thyristors connected as a full converter. The sinusoidal voltage
source is considered to have an rms value of V volts, frequency of w/2n Hz and
zero internal impedance. The load consists of a separately excited DC motor
parallel with a series DC motor. The motor currents are controlled by changing
the thyristors-firing angle. The supply current may be continuous or discontinu-
ous depending on the firing angle, the load parameters, and motor speeds. Each
of the two modes will be treated separately.
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Fig. 1. Full controlled converter supplying separately excited DC motor parallel with series DC
motor loads.

2.1 Continuous Mode

In this mode, the converter current i, has a positive value at any instant of
time. However, as the firing angle o increases, the value of i; at w7 = o decreas-
es until it reaches zero value at the so-called critical firing angle ., Beyond
o, , the converter current will be discontinuous.

Throughout the period of o < w¢ < 7 + «, the voltage across each motor in
the continuous mode is equal to the supply voltage assuming zero drops across
thyristors. This means that for the separately excited DC motor:

= d
2SN 6= iy Ryt Ly — i+ K, M, a<or<n+ao (1)

and for the series DC motor,

. d
VEI/SIH w/= ‘62 Rzz2+[z12 ;[ léz‘f‘/(ng I'CZ/V2+K}”€J2 Nz, a<wisTt+a (2)

Where i, is the armature current of separately excited DC motor (i) and i,
is the armature current of series DC motor (i ;) during the continuous mode.

During this mode, the converter current i ; equals the supply current i and is
given by:

I =iy =l T, o< wt<ntta (3a)
—l =iy =i, Ty, ttowt<2n+ao (3b)

Separately Excited DC Motor Current

If steady-state speed and magnetic linearity are assumed, the solution of
equation (1) is of the form:
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L= N2V Z)dn(or—9)+ Ky VNG (k00,1 RY1-STH Dy @4

Where:

R, =R, ,and K,® is the constant of the separately excited DC motor,

al >
/ 2 -1
L=\ R +L) , ¢ =tan" (0] R), =0lyl R, Ky=1y-\2(/] Z)sn(a—y)
and /; is the initial value of i | at ¢ = o
Under steady state operation, i, at @t = & equals that at ¢ = 7 + ¢ and is

given by:
7,==271 Z)[1+ & A j1 = LDy sin(o - 9) - (K,0M, 1 B).  (5)

The ripple factor of i is given by: X, = [cl ,,m/ Aav—1 . (6)
Where 7,,,and 1, . are the average and the rms values of the motor cur-

rent respectively.

Full expressions for /.;,,,and /1 ;..

are given in Appendix [A].
Series DC Motor Current

If steady-state speed and magnetic linearity are assumed and the armature cir-
cuit resistance R, and inductance L, include the resistance and inductance of
the series field winding, the solution of equation (2) is of the form:

12 =2V 2)Sn(@1=0y)+ K g EXOC) (ko 1y | ) (1= N2y (T)
Where:

R2 = R, +Kf2 N2, a? and K,
v/ V2) sin (OC (])2) and /, is the initial value of i , at ¢ =

, are constants of the series motor,

Under steady state operation, i, at @¢ = & equals that at ¢ = oo + o and is
given by:

Lo = =201 )[(1+ O 1= ET O sin(o-0y) (K W ) . (B)
The ripple factor of i, is given by: &, = ]52 s 20 —1 . ©))
Where 7 ,,,and 1, - are the average and the rms values of the motor cur-

rent respectively.

and /

24y aT€ given in Appendix [A].

Full expressions for 7,
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Critical Firing Angle

The critical firing angle ¢, which is the highest firing angle, for the continu-
ous mode satisfies the condition of:

L, +1,=0 (10)

Therefore, the critical firing angle ¢, is given from:

o, =S (4G A+ (A + BYBE - A+ 8] (D)
Where:
Ay = F 080, + 73,0080, . A =—271 ) (1+ D) (1 - LTIy

B =—(2712) 1+ PN =LAy | g = Asing + £ sing,, and
G = (Kq@N | R)+ (Koo V2 | By) .
Supply Current
The rms value of the fundamental component of the supply current is:
ly=~ag+8512 (12)
And the phase angle of that component is given by:
6=tan"! (a, /b)) (13)

Where a,; and b, are the amplitudes of the cosine and sine fundamental
components of i respectively in the continuous mode.

The supply power factor is:

Pf= ([qf/ 1 ms) COS O (14)
And the supply current distortion factor is:
Df= Icf/ Icsrms (15)
Where [, is the rms value of the supply current.
Full expressions for 7, ., a.;, and b, are given in Appendix [A].

2.2 Discontinuous Mode

The discontinuous mode of operation occurs at a firing angles greater than
.. In this mode, the converter current i; increases from zero at w7 = o to a
maximum value and then decreases to become zero again at @t = 8 which is re-
ferred to as the extinction angle. The angle 8 is, of course, less-than 7 +o.
Thus, the current i, is zero for f< wt <7+ a.
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Detailed derivations of the currents in this mode of operation (conduction and
non conduction periods) could be carried out in a manner similar to the continu-
ous mode. Appendices [B&C] give such details.

The developed power and torque of the series DC motor are given by:

— 2

Protor = Kaf N, ]motorrms > (16)
— 2

Tmotor - Kaf Imotorrms (17)

The developed power and torque of the separately excited DC motor are giv-
en by:

- Ka @ Nl Imotorava > (18)
- Ka & Nl ]motorava ’ (19)

motor

motor

3. System Performance

In order to study the performance characteristics of the system under consid-
eration, a computer program has been developed based on the equations derived
in Section 3. The following data of load parameters are used!!]:

Separately exited R ; = 0.6 £ Series DC motor : R, =1.0 €.
M1 L, =0.006 h. M2 L,=0.012h.
K, ®=0.55 V.sec/rad. KajZ =0.027 h.
V =120 volts K, =0.0273 Virad/s.

3.1 Critical Firing Angle

It is noted from Fig. 2 that, the critical firing angle ¢, decreases as the speed
of any motor or both is increased. The effect of changing M1 field current (or
K ,®) is shown in Fig. 3. The figure reveals that the critical firing angle o, de-
creases as the value of K @ is increased. Fig. 4 shows the operating regions of
the separately excited DC motor. In this figure, there are two modes of opera-
tion (continuous and discontinuous). For the continuous mode there is a margin
angle o, that separates motor operation from generation operation of the ma-
chine. For firing angle o higher than Uing the machine acts as a generator. It is
noticed that ¢, is constant in the continuous mode. This could be realized in
view of equation (A-1), which shows that /; , , is independent of M2 parameters
in the continuous mode. Since both K, @ and N1 are constants in Fig 4 then Cng
(at which 7, , = zero) is also constant. For the discontinuous mode, /; ,,, depends
on the parameters of both motors as seen in equation (C-1). Therefore, changing

N2 would effect g leading to a variable g in the discontinuous mode. The
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intersection of . and ¢, curves divides the operation range into three distinc-

. g
tive modes normally:

1. Motor in the continuous mode.
2. Motor in the discontinuous mode.
3. Generator mode.
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FiG. 4a. Operating regions of separately excited DC motor.

Figs 4b and 4c are given for different time constant of M1. It is clear that in-
creasing 7; changes ¢, which leads to an extended range of operation in the
continuous mode.
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FiG. 4¢. Operating regions of a separately excited DC motor (7; = 46 m.sec) for different values of
motor speed N1.

3.2 Current and Voltage Waveforms

The currents 7;, i; and i, are obtained using equations (3), (4) and (7) for the
continuous mode and (B-3), (B-4), (B-6), (B-9) and (B-10) for the discontinu-
ous mode. The continuous mode, critical firing angle, and discontinuous mode
are shown in Figs. (5-7).

3.3 System Performance Parameters for Constant Torque Operation

It is seen from Fig. 8 that, the firing angle & decreases as the motor speed N1
is increased. At constant motors’ speeds, the firing angle ¢ increases as the
torque level is decreased. The regions of discontinuous converter current are
represented by dotted lines.

3.3.1 Supply Power Factor

When the separately excited DC motor is used for constant-torque applica-
tions, Fig. 9 shows that the supply power factor decreases with a decrease in
either motor speed N1 or load torque.
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FiG. 5. Current and voltage waveforms in continuous converter current mode for N1 = 500 rpm,
N2 = 1000 rpm, and o = 30°.
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Fig. 7. Current and voltage waveforms in discontinuous converter current mode for N1 = 1500
rpm, N2 = 1000 rpm, and o = 45°.
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Fic. 9. Supply power factor versus motor speed N1 for different values of torque level of M1, for
N2 =500 rpm.

3.3.2 Supply Current Distortion Factor

Fig. 10 shows that for continuous converter current mode, the distortion fac-
tor decreases as motor speed N1 is increased. And for constant motors’ speeds,
the distortion factor increases as the load torque is decreased. Opposite conclu-
sions have been obtained for the discontinuous converter current mode.

It is noted that the best value of the distortion factor is obtained when the
firing angle is closest to the critical firing angle.

3.3.3 Motor Current Ripple Factor

It is evident from Fig. 11 that, the current ripple factor of M1 increases as the
load torque is decreased keeping motors’ speeds constant.
3.4 System Performance Parameters for Constant- HP Operation

Series motors are normally used for constant-horsepower applications. It is
seen from Fig. 12 that the firing angle increases as the horsepower level of M2
is decreased keeping motors’ speeds constant. The critical firing angle is also
indicated.
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Fic. 10. Supply current distortion factor versus motor speed N1 for different values of torque
level of M1, for N2 = 500 rpm.
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Fi. 12. Firing angle versus motor speed N2 for different values of horsepower level of M2, for
N1 =500 rpm.

3.4.1 Torque-speed characteristics

Fig. 13 shows that, the torque-speed characteristics of the series motor are
drooping in nature. The system produces high torque at low speed and vice versa.

3.4.2 Supply Power Factor

It is evident from Fig. 14 that, the supply power factor decreases as the load
horse power level of M2 is decreased keeping motors’ speeds constant.

3.4.3 Motor Current Ripple Factor

According to Fig. 15, the current ripple factor of the series motor increases as
the load horsepower level is decreased keeping motors’ speeds constant.
3.5 System Performance Parameters for Constant Firing Angle, &, Operation

3.5.1 Separately Excited DC Motor Performance Parameters

a. Torque-Speed Characteristics: In Fig. 16 the dotted lines indicate dis-
continuous converter current. This figure shows that, as expected, the converter
current is discontinuous at high values of the firing angle, ¢, and low values of
torque.
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Fic. 13. Torque-speed characteristics (N2 versus T2) for different values of horsepower level of

M2, for N1 =500 rpm.
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b. Supply Power Factor: Fig. 17 shows that, the supply power factor de-

creases as the firing angle is increased keeping motors’ speeds constant.
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Fic. 17. Supply power factor versus motor speed N1 for different values of firing angle for N2 = 1000.

¢. Motor Current Ripple Factor: 1t is evident from Fig. 18 that, the cur-
rent ripple factor of M1 increases with the increase of either the firing angle or

the motor speed N1.
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Fic. 18. Current ripple factor of motor one versus motor speed N1 for different values of firing

angle, for N2 = 1000 rpm.
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3.5.2 Series DC Motor Performance Parameters

a. Torque-Speed Characteristics: Fig. 19 shows that the torque-speed
characteristics of the series motor are drooping in nature. As expected, the con-
verter current is discontinuous at high values of the firing angle o, high speeds
and low values of torque.
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Fic. 19. Torque-speed characteristics (N2 versus T2) for different values of firing angle, for N1 =
500 rpm.

b. Supply Power Factor: 1t is evident from Fig. 20 that, the supply power
factor decreases as the firing angle is increased keeping motors’ speeds constant.

¢. Motor Current Ripple Factor: 1t is evident from Fig. 21 that, the motor
current ripple factor of M2 increases with the increase of either the firing angle
or the motor speed N2. Comparison of ripple factors of Fig. 18 with those of
Fig. 21 reveals that, for any value of firing angle and when N1 = N2, the ripple
factor of the separately excited DC motor current is greater than the ripple fac-
tor of the series motor current.

4. Conclusion

In this paper, an AC-DC full-controlled converter supplying a separately ex-
cited DC motor parallel with a series DC motor has been investigated for

steady-state operation. The margin firing angle, o that separates motor oper-
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Fic. 20. Supply power factor versus motor speed N2 for different values of firing angle, for N1 =

500 rpm.
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ation from generator operation of the separately excited machine has been stud-
ied. The following conclusions have been inferred:

4.1 Critical Firing Angle «,

The critical firing angle o, decreases as the speed of any motor or both is
increased. However ¢, increases as the field current of the separately excited
motor is decreased. Increasing the time constant of any machine or both leads to
an extended range of operation in the continuous mode.

4.2 Margin Firing Angle, o, o

For the continuous converter current mode, Cng is independent of the series
motor parameters. For this mode, decreasing the separately excited motor
speed, N1, leads to increase .

For the discontinuous converter current mode, Cng depends on the parame-
ters of both motors. For this mode, g increases either by increasing the series

motor speed, N2, or by decreasing the separately excited motor speed, N1.
4.3 Supply Current Distortion Factor

The best supply current distortion factor DF is obtained at o which is closest
to o
4.4 Constant Torque, T1, Operation

During this situation, o decreases and the input power factor PF increases as
the motor speed N1 is increased.
4.5 Constant HP Operation, P2

During this situation, ¢ decreases , the input PF increases and the motor cur-
rent ripple factor RF2 decreases as the motor speed N2 is increased. Opposite
conclusions have been obtained for very small values of N2.

4.6 Constant Speeds (N1 and N2) Operation

The increase in the value of torque, T1, leads to a lower ¢, higher power fac-
tor PF and a lower motor current ripple factor RF1. Decreasing the firing angle
o increases the input power factor PF and decreases the motor current ripple
factor. The decrease in the horsepower level of M2 leads to a higher ¢, lower
input PF, and a higher motor current ripple factor RF2.
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4.7 Constant Firing Angle o Operation

The increase in any motor speed leads to decrease of the torque level of that
motor, small variation of PF for continuous converter current mode and increase
the motor current ripple factor of the same motor. For any value of firing angle
aand when N1 = N2, the ripple factor of the separately excited DC motor cur-
rent is greater than the ripple factor of the series motor current.
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Appendix [A]

Continuous Mode

The avarage value of the separately excited DC motor current is obtained from: [, = (1/7)
T+o . .
J 7 dox and is given by:
o C
Ly = 202(/177 —0)+ (K0 Im)(1-TD)
dav v ( TT. ])Cos(a ¢1) ( le] ”)( 4 ) (A 1)
-l
KON I R)1- (G m)(1- 7))
And the rms value of the separately excited DC motor current is obtained from: /.. .=
s“(I/n:)J‘ﬂm zflda)t and is given by:
\ a
L = [P 1 Z2)+ (K g + (KON, 1 R)) N2V O (2 (1+ (1] Op)sin(er— ¢y)
+cos(a— 9] (1+ &7 DY (a2rx 0N, I 128 ) cos(a - §,)
(A-2)

HO, 1 2m) (K 4 + (K, 0N, 1 &) (1- &2 9N _ 20k, 0N, I 7R)(K 4

+HK, 0N, 1 R))(1 - DY 1 (k, 0N, 1 R)]?
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The average value of the series DC motor current is obtained from: 7, ,,=(1/x) J';Ha[d doot
and is given by:
L pw = 2N 271 2y COS(0t — ) + (K O | T)(1— L7102y
Ko Vo | R)1-(0y I )(1— 772D

| T+o
And the rms value of the series DC motor current is obtained from: 7,,,,,, = \! 1/ 77:)_[ 1?2 dor
! o

(A-3)

and is given by:

L =01 3)+(K o+ (K oo Vo | B)) N2V 05 52y (14 O3))[11 Oy)
s-n(a_¢2)+cos(a_¢2)](] +€(_”/Q2))_(4'\/71/ rgs’Z/VZIﬂ-ZZA)Z)

COS(0 = 35) + (O 1 27)(K g + (K g Vo | By)) (1 - 7271 02 (A—4)
_(2Q2 /‘ES‘ZNZ/ERZ)( 2+( /eQNZ/RZ))(I_f(_”/QZ))
+( I'ESZNZ/R) ]1/2

The rms value of the supply current is obtained as:

ota
mrms \/(I/E)J l dw[_ “ cirms+[21ms+(1/7r)_[a21‘dl‘cgdwf (A_S)

It could be shown that rms value of supply current is given by:

Lorms \/ Prors+ Lapys+ A+ B+ C+ D+ E+ F+ G+ H+ 1+ (A-6)
Where:
A= 1 Z2))c08($, =) |
B=020.0 170+ O Ky +(K OV RNK o+ (K o V| R)(1= AT A2y
C= NV 72 (1+ BNK 2+ (Ko Vo | R Oy)Sin(or—9)) + cos(—gy)) 1+ 792y
D=(2N2PQ 1 72, (1+ O)K g + (K, DN, | R))(1] Q)Sin(or— 9y) +cos(o— ¢))(1+ 779 |
E= (4271 72,) (K, PN, | R)cos(a - ,) ,
F=(=42 112 ) (K, 0oV, | Ry) COS(0L— @)

G= (20 TN K g (K oz Vo | Ry) + (K DV | R)(K iy Vo | Ry)) (1= 7Oy

res2

H=(20, | D)Ko (KON, I R) + (K DN R)K oo V3 | R))(1-T792)) | and

res2

J= 2(l(ar(l)/vl /Rl)(KresZNZ /RZ)

And a,, and b, are the amplitudes of the cosine and the sine fundamental components of i_ re-

spectively and are given by: @, =(1/ 71:)_[ I ? coswrd w¢, and is obtained from:
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a4, =— (271 Z)sng, + QO [(1+ GO)m)(K 4 + (K, ®N 1 R))((11 0,)cosa - sina) 1+ 9))
4K, 0N, | TR)sina - (V271 ,)sng, + (205 (1+ O3)m) (K (A-7)

HK o Ny | ) (1] 0y) coso—sina)(1+ &7 92)Y 4 (4K oV, | 7y )sinet
2
And 5, = (1/7r)J. ,Z;asinwfd wz, and is obtained from:
a

by =2V Z)cosp, +(20F I(1+ OF)m)(K 4 + (K, PN | &) (1] O)sina + cosa)
A+ _(ax, 0N, | nR ) cosa+ (V27T Z,)cosp, + 22 I(1+ P)m)(K 5 + (A-8)
(Ko Vo | R))((11 Oy)sina + cosar) (1+ & 9y (4k, o V, | iRy ) cosar

Appendix [B]

Discontinuous Mode

Conduction Period of the Discontinuous Mode

Throughout the period or < ¢ < f3, the load voltage is equal to the supply voltage. This means
that for the separately excited DC motor:

(AT o . a .
N2 SN o= i Rt La— i+ K, @ N B-1
and for the series DC motor:
. . ad . .
N2/d8n (Df—ldzkaz +L”2 gldz + Kﬂ/rz la’2/\/2 + KI‘KYZ/VZ (B - 2)

Where: i is the armature currents (i,;) of the separately excited DC motor and 7, is the arma-
ture currents (i ,) of the series DC motor during the discontinuous mode.

During o < @t < f3, of the converter current i equals the supply current and is given by:
g =i =iy Yip a<ot<p (B -3(a))
—lg T iy =iy tip rttoswt<r+f (B -3(b))

Separately Excited DC Motor Current

The solution of equation (B — 1) is of the form:

i =201 Z)Sn(@r- )+ K g (koM 1 R)1- TN D) carsp (B4

Where:
Kp=1a~(N271 Z)sn(e—9) (B-5)

And i, is the initial value of i ;; at wt = o

Series DC Motor Current

The solution of equation (B — 2) is of the form:
(—(wr-a)l

in =21 Z)sin(@r—93) + Ky 4D _ (k1 RY1-e ) a<or<p (B-6)
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Where:
K p=1,5—(N2V12)sin(a—¢,) (B-7)

And [, is the initial value of i ;, at wt=a.

Non Conduction Period of the Discontinuous Mode

During the period 8 < wt <7+ ¢, the converter current is equal to zero, and iy = — i . The
motors are connected in parallel. Thus:
d d
Rl‘l.ﬂ’l +L[ll;lldl +KH(I)/V1 :Rzldz +Lg221ﬂ +K/‘ESQ/V2’ ﬁSa)lSﬂH—Ot (B78)

Solving (B — 8), one obtains:

i =Ko Ny = KON IR+ Ry) + (L — (K s Vg — KON (R + Ry)) @ PO (B _g)

es

Similarly,

V)R, +Ry) + (£ = (KON, = Koo Vo) (R, + Ry )@= D) (B - 10)

(A

ip=(K, DN, -K,

es2

Where: Q = w(L,; +L,,) / (R, +R,), and ];11 is the initial value of i ;; at w¢ = Band is given
by:

Iy =271 Z)Sn(B= )+ K PN D (K oM 1 £)1-FNDy - B-1D)
and / :12 is the initial value of i ;, at w¢ =  and is given by:

I =271 2)S0(B~92)+ K P2 — (&,

es.

2Ny | Ry)(1— LB A)y (B -12)

At wt= 1 +a, iy equals I, , and i, equals I, . Therefore, from equations (B —5), (B - 9),
and (B — 11) one gets:

72 = (K g Voy — KON (R + Ry))(1 = &L FHBI Oy L (2p) )

(Sn(B—¢y)—sin(o— )P Jomra=PIA (g o, 1 R) (B-13)

(1- g(—(ﬁ—a)/Ql))e(*(”JrOf*,B)/Q)] I(1- e(—(ﬁ—lx)/Ql)e(f(nwc—ﬁ)/g))

Similarly: from equations (B — 7), (B — 10), and (B — 12) one gets:
L = (K OV, =Ko Ny) (R + R)) (1= &P 1 (V2r) 2)

(SN(B—9,) —sin(er— )PV [Am+a=PIO _ g w1 Ry (B— 14)

(1- e(—(ﬁ—“)/Qz))e(*(m'a*ﬁ)/Q)] I(1- e(—(ﬁ—a)/Qz)e(*(iﬁll*ﬂ)/g))

The extinction angle B is determined by the solution of the equation 7;; =—1,. B-15)
Full expressions for 1;; .., 111, > Lingy » @0d I p,.,. . are given in Appendix [C].

Where 1, and I, - and the average and the rms values of the separately excited DC motor
current respectively, and 1, and I, - are the average and the rms values of the series DC mo-
tor current respectively.

The ripple factor of 7 is given by: K, = (lgqrm / /LZ{IW) -1 (B-16)
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The ripple factor of i, is given by: &, = \ (Lyms ! ) —1 (B-17)

The rms value of the fundamental component of the supply current is

Ly =\(ay+)]2 (B-18)
And the phase angle of that component is given by:

6=tan"! (ay / by) (B-19)

Where: a;; and b, are the amplitudes of the cosine and sine fundamental components of i  re-
spectively in the conscontinous mode.

The supply power factor is:
Pf= (Idf/ 1 jems) €OS O (B-20)
And the supply current distortion factor is:
DF = Ly/ Ly (B-21)

Full expressions for I, -, a; ,and b, are given in Appendix [C].

Appendix [C]

Average and rms values of the currents in the discontinuous mode

The average value of the separately excited DC motor current is given by:

L = (1/n)j:z+;1’ doxt .
Therefore:
7 gy =2V 1 Zim)[cOS(0— @) — cOS(B— 9] +(O) ) (K 1
K, ®N, 1 R)(1—- &PV DY (k oM, IR (0 - B) )

(C-D
H(K oo Vo =K, @V (R + &) (7 + 00— B) I )

HOIT)((K g Vs = KON (R, +Ry)) — L )( 4P O) 1)

The rms value of the separately excited DC motor current is found to be:
T
Lioms =00 /n)ja 2 daor .

L pms = { QP 1RZ)(B- )1 2+[sin2(a— ¢) -sin2(B—¢)] /4
+2N 217 Z)(K PN, | R)[cos( - ¢;) - cos(o— ¢]
HNW AR 10+ TN g + (& N, RPN (11 9)
sin(B—¢,)—cos(B—¢,))+((1/ ) sin(c — ¢;) + cos(ar — ¢,))]
—(0,127)(K g + (&K, N, 1 R))* (&P~ D) _ 1y 4 (01 2) (2K 1 (KON, | R)

Therefore:
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12K, 0N, 1 &) ) FDD 1y Lk oM 1R (B-a) m (€-2)
H(& o Vy =K OV IR + R)) (m+ 0= B) I )
+2OImM)[((K o Vs — K, PN (R +1?2))2 (K, 0 Vy — K, DPN)
(& + RO 1)~ (01 27) (K o V> ~ K, P)
/(/‘,1 +/\)2)) _[:11)2(6(—2(ﬂ+tx—[3)lg) _ 1}1/2
The average value of the series DC motor current is given by:

n+o
/dzﬂV:(I/ﬂ)J.a 1'012 dor .

Therefore:
Lpay =271 Zym)[cos(o — ¢, ) — cOS(B - $,)] + (O, I ) (K

HK o Vo | B) (1= PPN Lk o v, 1)) (- B) I )

es. (C_3)
H(&, PN =K, oo V) (R + 1)) (7 + o = B) | )

HOI TV (KON ~ Ko V3) (R + Ry)) — L) (™D 1y

The rms value of the series DC motor current is found to be:

Ly = \ (1/7:)]2”;?,24@ .

Therefore:

s =27 1 2Z5)[(B— )1 2+[SiN2(0 — $,) —SiN2(B— )]/ 4] + (2N 2/ 1 72,
(K Vo | R)[COS(B—9,) — COs{ax = 9)] + (2N 2/ 1 a5 )( D5 11+ B)(K o
HK oo Vo | RO (11 0y)Sin(B - 9,) — cos(B - ,))
+(11 0y)sin(r - 0,) + COS(0t = )] = (O 1 27)(K 1y + (K oo V3 | B))
(E2B=DD) 1)1 (0, 172K (K oV | R) + 2R, g Ny | RY)) (C-4

(PP 1y (&, o Ny 1R (B ) T+ (K, BN, — K oo Vo) R,

+2,))* (7 + 0= B)+ (01 D) (K, BN, = Koo Vo) (R + Ry))?

~Lp (KON, =K oo Vo)1 R+ ) (PO 1y — (01 2m) (&, 0,

K oy V) (R +Ry)) — L1 ) (L2 0B O) /2

The value of the supply rms current is obtained from:

| B
Lims = \J(I/”)J‘a zﬁ,dwt . (C-5)
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| B B B, .
Lums =+ (U1 ) ja 2Zdor+ (1 ) ja Zodor+ (11 ) ja 26 i pydart

Then rms value of the supply current is found to be:

L gy =L@V 1 RZD(B~0) | 2+ [8in2{cr— 9y)—~Sin 2B~ 4]/ 4]+ (27 [ 1)

(K, DN, | &)[cos(B- )~ coslo— ¢)] + (227 2Z)(OF 11+ O (K
&, oM, 1 &) D (1] g)sin(B-9;) - cos(B-9))

+(11 0) sin(ar— ) +coslar— )] - (O, 1 2m)(K y + (K, N, | R)))?
(LB D) _1) 4 (0,1 1)K (K DN, | R)+2K DV, | R)?)

(B _ny (kN R)HB-a) m+ 2V I 2 Z3)(B- ) 2
+H[Sin2(a~ 9y) ~ SN 2B~ 0,)/ 41+ (N2 1 12,)(K 00 V5 | Ry)[cOS(B~ )
—cos(a = )|+ (V271 72,)(03 11+ 0K g + (K ey Vo | R2))
[P (11 0,)Sn(B- )~ cos(B9,))+ (1] O,) sin(er—9,)

+ 0= 9= (02 20)(K g3 + (= (K oy V5 | RY)) (2P0 22)

H Oy I T) Q2K 3 (K iy Ny | Ry)+ 2K g Vo | Ry) ) (LT P-N22) 1)
H(K, o Vo | Ry)?(B-0) | m+ (20 | 12,2,) c08(0, - 8)(B- ) - (V% | 52,.2,)
[sin(2B -0, - ¢)) ~Sin2e— 6, — )]+ (N2 | 72,)(K @, ] R))[cos(B~,)
—C08(0 = 9|+ (N 2V | TA)(K oy V2 | Ryl cOS(B— ) - cos(r— )]
HN27 1 72, (OF 1+ O (K gy + (K, 0N, | R)F DD (11 )
sin(B—¢,)—cos(B— 05))+((1/ G))sin(ex— ¢,) + cos(ot — 9,))]

H2V I ZANO5 10+ ODNK gy + (K oy Ny | R 22111 03)
sin(B—¢;)—cos(B— ) +((1/ O,)sin(cx— ¢;) + cos(er - ¢;))]

+H20,0, 1 7(Qy+ OINK  + (K PN T R)NK gy + (K oy Vo | Rr))

(1- £ AFDNB-DT Ay L 20, | B)K, DN, | R)(K jy+(K i Vo | Ry))
(LSBT D) _1) £ 201 1)K iy Vo | By)(K g+ (K DN, | R)))

(E D) 1)+ 21 B)K OV R) K oy Vo | Ry) (B )}

69

(C-96)

C€-7
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And a;, and b, are the amplitudes of the cosine and sine fundamental components of i re-
spectively and are given by:

an = (27 1212)[cos(20 - ¢) — cos(2— ¢) — 2(B - @) sing]
AR 1+ FNK g + (&, 0, 1 &) PO () cosp
+sinB)+((1/ g))cosa —sina)] - (2K, @V, | nR)))(sin f—sine)
+(N2V | 212, )[cos(2a — §,) — COS(2 B — §,) — 2(B— ) sin g, ]
UG N1+ BWE p + (K Vo | R))ETPDO) (11 0, ) cosp
+sinB)+((1/ ©,)cosa —sina)] - (2K, V, | TRy))(sSnB-sina) ,

es2

(C-9)

and

b = (27 1272)[sn(20 - ¢) - Sin(2B - ¢y) + 2(B - o) cosg ]
A N1+ TN& g + (&, 0N, 1 R)E PN (11 ) sin B - cos)
+((1/ Q) sino + cosa)] + (2K, N, | iR;))(cos B — coser)
+(N2V1 202, [SiN(20: ~ 9,) — SIN(2 B — 8]+ 2(f — @) €08 ]

UG N1+ BME g+ Ky Vo | RPN (11 0y)sin B - cos)
+((1/ &) sino + cosa)] + (2K, .o NV, | TR,))(coSB — cosor)

(C-9)
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