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On The Dynamies and the Demagnetization Effect of the Amplidyne

Generator with Auxiliary Feedback Compensating Winding
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Abstract

This work intends to study the machine dynamics in the state-space approach and to
formulate the operating characteristics of an amplidyne generator, with balanced control

field winding and an auxiliary feedback winding for compensating purpose. In the

derivation of the dynamic equation, investigations on the demagnetization effects are

accentuated, based on the magnetic interlinks between windings of the machine.

From the machine dynamic relation obtained, a state-variable representation of the

machine dynamics is approached in the first part of this work.

1. Introduction

Even with it’s large volumic size, the rotary
electro-magnetic amplifiers have still certain
advantages over the others in the field of power
amplification for control purposes and they play
considerable roles in many fields of control
systems. This work is concerned to investigate
the machine dynamics under the demagnetization
effect by load current and to formulate the
state-space model of the machine under these
conditions. As a preliminary step to study
compensating schemes through an
auxilirary feedback winding provided, the
amplidyne generator is assumed to have a

balanced control winding and an auxiliary

external

feedback winding for the compensating purpose.
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In the early years of 1940 to 1950, extensive
works had been focused on the study of the DC
control machine under static and dynamic
conditions of the machine and most of them
discussed the problems under free-conditions
from the demagnetization effect. Furthermore,
the recent trends of control theory necessiate
the adequate formulation of the state model of
control components or systems so that modern
control theories and optimization techniques of
the system could be advantageously applicable
in the time-domain approaches.

In the first part of this work, the machine
parameters are assumed to be linear and time-
invariant, and the demagnetization flux is
assumed directly proportional to the causing
current. For the amplidyne generators, two
independent demagnetization effects are encou-
ntered by load current. One of these is from
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the resultant decrement in the direct-axis flux
{this shall be called the primary demagnetization
effect) and the other results from the decrement
in the quadrature-axis component of the magnetic
flux. The later shall be called the secondary
demagnetization effect.

In deriving the dynamic equation, both of
these demagnetization effects and their influen-
cies upon the machine dynamics are investigated
and accentuated throughout.

2. Distribution of Magnetic Flux in the
Machine

The equivalent circuit of the machine with
the auxiliary feedback winding, and with the
balanced control winding is shown below,
including the possible pronounced factors on the

dynamic performance of the machine.

a8 1. A1AY EaAsE =
Fig. 1. Equivalent Circuit of the Machine
It is the common practice and well understood,

for the amplidyne generator, to set the brushes
onto the geometrical neutral points and the main
field-flux may not be affected pronouncedly by
load current, although the flux distribution under
the main control field may be distorted by the
armature reaction effect, the net field-flux will
remain constant except when the machine is
under heavy load or transient conditions.

Since this work is concerned to the operation
of the machine under these conditions, the
demagnetization effect should be included, here-
with.

If the machine is assumed not to be over-driven
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into the region of it’s magnetic saturation and
the machine operation is confined into this
linear region (even though this is not necessarily
required restriction for the theoretical develo-
pment, this assumption shall be kept for a
while), the armature MMF is assumed to be
directly proportional to the load current.

The armature MMF due to the load current
increases the flux density or magnetizes one side
of each machine pole piece and demagnetizes
the other side. The of the

pole piece are easily saturated due to the

leading sides
magnetizing effect of the load current and it
results the decrease in the main field flux. This
component of the flux is denoted by ¢,, in figure
1. It may be reasonable to assume that this
flux is proportional to the load current, 4.
The direct-axis components of the magnetic
flux can be expressible as being composed of;
Dr=0s1n T 9s2mT Pomt Pum™T Pemt Pam @e—n
Let;
¢’f1m:kf1ml=1
¢f2m:kf2mz:2
fom=kats @—2)
95dm:kdmi0
Pem=Renic |
Gam=bunts /
where FfimkfomsRemkem, and k., are the propor-
and the
corresponding exciting current. It is noticeable

tional constants between the fluxes

that if the relation is not linear, these will be
the non-linear function of the corresponding
current.
The resultant direct-axis flux is, now, composed
of;
Gr=Rsint1tkromtztkamtet (Ramt+Eom)iot Eanta
@2-3
When the direct-axis component of the magnetic
flux created by the quadrature winding current
is negligible (practically the quadrature winding
current contributes negligible effect onto the
direct axis flux component), then the above
relation reduces further into:
Pr=hrimt1Eromizt (BamtBon)iot Bonts
@4
If the positive direction of the field flux is
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caken to the same direction with the flux by
the field current 7, then equation(2—3) and
equation (2—4) are simplified in the following
scalar form;

Pr=krini1—Esimizt Ben—Fkan)io—Eomist+kamia
(2—-5)

or

Pr=Pf1m = Ps2mt (Pom ™ Pam) — Pamt Pem  (2—6)
and for equation (2—4);

@5 =Frimis—Fromizt (Ben—Kumdio—Eamis  (2—T7)
or

Pr=0r1n=Ps20 T (Pem— Pan) — Pam (2—-8)

‘The quadrature-axis flux is composed of;
Pe=PriatPraetPaat Past oo Pag 2-9
Let;
Prie=ksels
¢izq:k!2¢i2
Pur=kecte @2-10)
¢dv=kul=o
Pea=Fkedl,
Pas=Raets
Pe=krigt1tkraatst Raelot Raetat koato T Racla
(2—11)
When the main field current i;, and 7, and the
auxiliary winding current i, do not contribute
any considerable effect onto the quadrature-axis
flux component, then;

Pa=kegtotRastotFed. (2—12)
or

Pe=Paet Paet Pea (2—13)
In scalar notation;

Pe=Paat+(Pea—Pac) (2—14)
or

Pa=keqlotkeaic—Raato (2—15)

where (k,o—#kq4,) term is included to consider the

secondary armature reaction effect.

3. Derivation of Machine Dynamics

Refering to figure 1, let R, R, R.,R,, and R,,
denote the reluctances of the magnetic circuits
for each of the corresponding flux; ¢rim, ®f2mr Pom
Pam and ¢g,, respectively and P;, P,, P,, P,, and
P, be the inverse of the corresponding reluct-
ances of the magnetic pathes, thus;

iDhn.:Nlix/Rl:Pxinl 3
<sznNziz/Rz=P2N2iz
Pen=Nyi,/R.=P.N.i, D)

9en=N.i./R,=P.N., ’
and |
Pam=Ra,Nyio/ Rse=Ps,ka Nyiy /

For the control field circuit, the following
loop relation can be written, neglecting the flux
leakage between the windings;

. . d d
Rlll"R212+N1 d(th +’1\T2 dif —€11—€12=ey

G—2)
or substituting the obtained values for or,
Ryt — R+ PIN2—— d —'PoNlNz

dla
dt

+PNN P p NN,

+ PN Ny 2B
dzt

—P,N.N,-Ze. ‘fh
—P,N? T+P NN, —=

—PuksNyN—— Z’lto —P NGNZ dl‘
=eé;—en=e; (3—3)
Let:
L,=P,N;? )
L,=P,N;?
M,;=P,N;N,
M21=P1N1N2
M =2P,N,N,
M,,;=2P,N.N
M,=2P.N.N;
M.,=2P.N.N, )
Under the condition of the even-distribution

3—4)

of the control field winding, the compensating
winding and the auxiliary winding along the
stator cores, and, further, with the assumption
of the symmetric construction of the machine,
the magnetic reluctances of the corresponding
pathes should have equal value, that is;
R,=R,=R,=R, or Py=P,=P,=P, (3—5)
Substituting these relations into equation (3—
3), it yields;

R T S
g Mo L Pk NN
—Ryiy— L d” + M2 —ZLM,gid"t—‘—
+5 ; M-8 d" ~PukiuN.N d’°
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=en—enn=e; 3-6)
Furthermore, for the balanced control winding,
R,=R;=R; and N,=N,=N, and hence, L,=L,
=Lf Myp=Mu=M; M,=M.,=M,, and M.=
M. =M.
Now, equation (3—6) can be further simplified
into;

di di,
Rflf+Lf dt + My dltf —M,s dlt
MLy, e, (3—7)

where i;=(i;—¢,;) is the effective control field
current and M,,=2P.,k;N,N1=2P ks N,N;.

Let @ur=¢nm—@ren=Nii—i)/Ri=Nysis/R,=P;
Nyis be the effective control field flux, then
the virtual direct-axis conrtrol flux is expressib
leas;

PF= Qs im— Pizat Pem— Pam™ Pom=Pett T Pem™ Pam— Pam

(3—8)

Note that the quadrature component of the
flux is composed of @pe=@q¢q+ Qea—Pas. Let Re,Req,
and R, denote the magnetic relutances along
the quadrature-axis magnetic circuits for each
of the flux components, pq,@., and ¢gq, respec-
tively, then;

0ae=Nyio/R;=P,Ni,
Pee=keg N /R q=P. ok, yN.i, G—9
§Daq-——kqudio/qu:qukdaNdio I

where %k, and ks, represent the effective
fraction of the respective MMF in the quadrat-
ure-axis direction.

Assuming no operation of the quadrature field
over to the region to yield the over-all magnetic
saturation, the following loop equation for the
quadrature winding circuit can be obtained;

. d
Ryiq+ N, dﬁq =eeT=gre Pr=gra Pest T 851" Pem
—8fa*Pae—8re*8am=EL1aPiNysis+grPsNi.

—81aPuakse Niio—grePsN,i, (3—-10)
Let;
Ly=P,Nj*
M;q:chNllkchc
qu:qu-qudﬂNd
Kte=gsPsNs 3—-11)

Kie=gs{PsN, —Pu ks Ny
and
Ki=gsPrN,
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In the above expression, g, is the transfer
constant between the induced emf in the quad-
rature winding, e,, and the direct axis field flux.
It should be treated as a function of the maim
field flux when the machine is allowded to be
over-driven into the saturable region

Substitution of the above relations into equation:
(3--10) yields the following loop equation, that
is;

di,

. di
quq +Pquz—jf—+chk:qu :Tt'

di . R
—Pd,k,,quNd—dztg—:K;,,i; +Kueto— Kii,

(3—12)
Or in terms of inductances;
di di, di
ReiqtLo=gim+ Mo — M2
=Kfa1f+K.1qlo“’Kf1, (3-—13)

Finally, for the direct winding circuit, the
loop equation yields the following voltage equil-
ibrium relation;

. . d d
R/ i¢+R,i,— Ny d(Ptf +Ne—— (pf =gea*Pa—eo

(3—14)
Substituting equation (3-—1), equation (3—8)
and equation (3—9) into the above expression to
have;
’ . do, dPem APim
(R d+Rc)lo_Nd ztﬁ ‘“Na 213 +N¢ ¢d

dPun_ +, _dop, dp.n
+ N N N

dq)dm d(Dm
—Ne— " —N. t

=80aPaNeie+gaaPeeN,i,—gaaPackseN4io
—eq (3—15)

or
dlo

(R'y+R)io— PANNyZL PN

di,
dt

+Pa ks N2 ———i-P NNy
dlo

+PNNGE Py

c dt
di,
~PukuNN2 P NN

=geaPeNeiq+geaPoakeaNiic—gqaPogkasN gio
—eo (3—16)
To simplify the above expression, let;
R;=R’;+R,
M:/=P;N,N;
Ms'=P;N.Ns
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Ms=M;'—M;s
M.,=M,'— M.’
LdZL,"i—LL=P,,,k,i,N2,,+Pfl\”,,-
Mdc:PdeNc+Pd:klchNl
M.,/ =P,N,N,
M, =P,N,N.
Kii=gq:PN,
Kee=gaaPeakeaN.

and Kyo=gaaP.akseNa

Now, equation (3—18) is expressible in the
following compact form;

3-1D

] di . 3
Ruioct My~ +L, fi’; —-M., ‘fl’t
di .. . . .

_Mdchto‘:I\ul-z+I&cqlo—‘Kuio—eo

(3—18)

4. State Representation of the Dynamic
Characteristics

To obtain the adequate set of the state vari-
ables, the results thus far obtained in the
proceeding discussions are tabulated below;

. di di di,
Rysis+ Ly dltf + M;y dltf — M,s dzt
di di
+ Moy = Mum gy =e
Riot L+ Mo — M3
=Ksaiqa+ Kuato—Ksi, (4—1)
and
) . di 3
Raiot My Tt + LS~ M., 4

di .. . R
—-M,, dlto =Kygtqt+ Keogic— Kygto—eo

Let the load impedance be in the general form
of Z,=(R,+L.s), then;
¢o= Ryiot Ly-20- 4—2)
From the dynamic equations and the Iload
condition in the above, the transfer relations of
the signals inside the machine are evaluated
and they are displayed in figure 2, in the form
of signal-flow graphs. The signal transitions at
the steady state are also shown below, for later
references.
Ii=Ey|Zs+Zof 1) Zg—Zoar Lo/ Zs
ILi=Ksli)Ze+ Ky I/ Zy— K51,/ Z—Z, 4o 10 | Z4
Iy=Kole/(Zs+(Kag—Keo)]

— 13—

—EO/EZJ'*‘(KM"‘K:G)]
—th[f/[Zd+(Kdd— :q)]
+an1¢/EZd+Ku—‘ :q)]
and Ey«=2Z.1,
In the expression of the above, the impedance
terms are abbreviated in the followings and the
symbol,s, stands for the first derivative of the
corresponding variable with respect to time.
Zr=[Rs+(Ls+My)s]
Ze=(Rq¢+L,s)
Zear=[(M.r—M,,)s]
Zys=[(Mas)s]
Zeaa=({(M.q— Myq)s]
Zy=[Ry+(Ls—My.)s]
Zse=[(Myc)s]
Z..=[(M.,)s]

and Z,=(Rp+L.s)

43y

-zro/[zd+(xdi-xoq)]

1 i+ (K g K o ]

a8 2. AAN Tl AL AejAlze AR
Fig. 2. A signal flow graph for the machine,

Refering to figure 2, it is reasonable to select
the state variables to be of i, i, and ;. The
control voltage e, and the current in the auxili-
ary winding circuit are taken to form the
control vector to investigate the compensating
effect onto the machine dynamics, for the
later work.

This results to the following sets of the state
equations;

dis —Ry

. (My—M.s) dio
dt = L,e My T

(Ls+Mg) dt
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o 1 M,s di,
Ly+3y) N T My de
diq _ Kfa . Rq .
di L, YT L W
+ [Kd¢+(Md¢_Mcq)d/dt] . Kf .
Lq 1o L' ta
dio —M/, dif Kq,; .
dt - (Lo—M) “dr TTLo—Mg) b
| DKo K)— (R4 R
(Lo—M,.) 0
M., dia
Y=y d: S
where Li=(L,+L.), Rpe=(Ry—K.;+K,,)
Ro=(Rs+Ry)

or, in matrix notation, the

state eqation
becomes to;

dis — Ry 0
dt (Ls+My)

div || Kn ~R,
dt | L, Le
dio —M;. d Ko

dt AN (Lo"'Md:) dt (LO'—Mdc)
(My—M.) 4

(Ls+M;) dt is
[qu+(qu_Mcq)d/dt]
L,
_(RL+Rdc) LZO
(Lo"lwdr.)
/ 1 Mgy d /
(LstMp) (Li+ My de || &
—Ky '
1] _r
+ L. i 4 5)
Lo M,
L (Lo— Mgy dr)l’
and the output equation is:
=27 (4‘*6)
It may be interestiong, at this point, to

investigate the conditions for the complete
compensation of the machine operation from
the armature reaction effect.

For the proper compensation from the demag-
netization effect, the resultant effective flux
components in the direction of both of the
direct-axis and the quadrature axis should satisty
the following relation, so that both of the
control winding and the quadrature winding
circuit are completely decoupled from influences

due to the load current, ¢,, that is;
Pen=Pam ANA Peg=pPuq 4-7

then, equation (3—8) and equation (3—9) are
reduced to;
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PFr=Peft~Pam Po=Pas (4—8)

These require the following conditions for the
complete decoupling from the demagnetization
effect,

kie=N./N, and kyo=k.s N./N, 4—9
so that M.;=M,,, M.,=M,, and K,,=0 should
hold.

Under these proper-compensation conditions,
the dynamic equation of the machine is obtain-
able from equation (3—7), equation (3—14), and
equation (3—17) and the results are tabulated
below (assumed P.,=Pg4, and P;=P,);

di di di,
A ST A .

Raig +Lq%’;— =Kyeis—Kyia
diy di, [

Ryio+ My, 7; —JL[,,,W
=Kogio+(Keo— Kyadio—eo
and
eo=21, (4—10)
The signal flow graph for the properly
compensated case is shown in figure 3. The
lower graph shows the signal transitions inside
the machine at a steady-state operation.

2, ./R

/ fed Tde -)‘/R.dc
c 7w
ALY /}‘fq/ o ¥qa/Rac 1,
L
ey if 1q 2 2\ "L L
£ “e 2 /R
Zaffzf acd de
i
a
Wi
VR Keo/Rg Kaa/Fae r
f1 iy *q LR % °
/7,

J8 3. EmfFHe Hds 2Asglgels AAY
ol 48 AledAlEe] A

Fig 3. A signal flow under the properly comp-
ensated case from the demagnetization

effect.
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In the figure, the machine parameters are

abbreviated in the form of impedances, that is;

Zy={Rs+{(Ls+ Ms)s] "
Zy={(Rq+Lqs) !
Zas={(M,s5)
Zrea= (M = M's)s]
Zuam (M= M0)5) |
Ry=(R,—K.q +Kya) ‘
and  Z,=(R.+Lys) )

(4—11)

The state model for this case can be deduced
in the following matrix form;

diy - Ry a
dr | Ty 0 0 ir
did . Kfa —Ra .
dr | L, 7, 0 b
diy d _Ki —(R,FR.) ||,
d: =My L. L, ko,
1 My d_
(L, My (L;i~Mpn dt ||&
+ 0 —K//L, (4—12)
d .
0 M.~/ Ly )t

And, for the output equation;
eQ:ZLio

It may be worthwhile to mention the machine
dynamics under no-load condition. The signal
flow for the unloaded machine is shown in
figure 4. The lower graph is for the steady-state
operation of the machine under the corresponding

load condition.

O8] 4. THsHA19 AW L 2] Al T A
Fig 4. Signal flow under no-load condition
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The state model for this case becomes in the
following form:;

! dis —Ry 0 Y
Cdt | |+ My ’f}
dig | Ky “Re ||
\dt ) L, L, ‘
1 ~M, d . ‘
(Ls+M;) (Ls+M;) dt 1
’ i (4—13)
—K; .
0 I, la
and the output equation becomes;
eo=— M,=%1 Fhagiot M,,% (4—14)

Conclusions and Discussions

1. The
amplidyne generator with the balanced control

state-variable representation of tha

winding and with the auxiliary feedback

winding reveals that it’s dynamics can be
formulated in the three-dimensional coordin-
ates system, as shown in equation (4—5) and
cquation (4—15). The three variables, iy, 7,
and 7, canbe an adequate set of the state
variables for the machine.

2. When the proper compensation from the
demagnetization is achieved so that M.,=M,,,
M.q=My, and Ky;=0, then the
dynamics is further simplified as obtained in
equation (4—15). This requires that ,,=N,/N,.
ksa=k.N./N, should hold.

3. Signal flow graphs shown in figure 2, in
figure 3, and in figure 4 show distinguishable

machine

picture of the internal transitions of signals
inside the machine. If the magnetic couplings.
of the feedback compensating winding to the
other field-windings contribute so insignificant
effect that the mutual inductances, My, and
M., can be neglected, then, the effect by the
feedback current, 7, is pronouncedly accentuated
in the
adequate feedback compensation schemes can
be depicted.

resulting flow graphs from which

4. Even under the lincarized condition of the

state model, the coefficient matrix of the
machine dynamics is timc-variant. When the
non-linearities are taken into account in the
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analysis, the machine parameters are the 4. M.Z.Zhits, Analysis of transients in DC

nonlinear function of the other state variables machines, Elektrotekhnika, Vol. 36,No. 9, pp
and certain elements in the coefficient matrix 14-16, 1965.

turn to be nonlinear and time-variant. 5. K.Nitta and H. Okitsu, Armature resistance

of DC motor and its effect on the motor cons-
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