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Microcomputer-Based Maximum Efficiency Control
of a Synchronous Motor.
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ABSTRACT

The efficiency of a synchronous motor can be substantially improved by controlling armature voltage, field
excitation, and load angle on optimun values which yield minimum input power at any specified torque and
speed. This improvement is particularly noticeable in the case of light loads. In addition, the control of armature
input voltage improves the power factor at which the motor operates.

Employed in the analysis is a new equivalent circuit model of the motor which incorporates the frequency
dependent nature of the motor parameters and the effects of iron loss.

The stability of synchronous motor operation is studied by applying the Nyquist stability criterion to the
linearized equations which describe the behavior of the motor as the motor loads perturb about a steady-state
operating point. This investigation reveals that, in some cases, the stable region of the motor is delineated from
the results of a computer simulation.

With a view to reducing harmonic loss and improving torque pulsation from harmonic components, a very
poweful pulse amplitude modulation (PAM) method usimg an 16-bit microcomputer has been developed. This
method has the advantages of simplicity of control algorithms and requires small memory space for storing
thy.ristor trigger angles for a three-phase PAM inverter, The method can be used for smooth control of both

modulation depth and frequency over a wide range.
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I. INTRODUCTION

A recent study by the US. Department of Eneréy
noted that electric energy consists of about 40% of all
the energy generated and that 60 to 70% of all the electric
energy is consumed by electric motor driven systems” ?,
From this fact it is evident that the electric motor
driven systems, if and when improved, will save consid-
erable energy since operating cost saving accrued by
efficiency optimized operation is considered to be sub-
stantial in the life cycle of drive systems.

Synchronous motors are particuarly economical from
the standpoint of cost and efficency when low speed is
applied with direct connected loads (without reduction
gears), such as compressors, grinders, and mixers, espec-
ially in ratings of 100 hp or more, At these low speed
ratings, the synchronous motor is less expensive than
an induction motor of the same rating. With the addi-
tional advantage of being a source of reactive power,
the motor is capable of meeting larger peak loads in such
devices as ball-mills and crusher®®, Besides, it can keep
a constant desired speed under frequent load disturb-
ances, In this dissertation, an effort is made to define
an optimum condition yielding maximum efficiency and
good power factor in the stable region at any specified
torque and speed in a variable frequency driven system:
to present the control with stability analysis of the motor
driven system with maximum efficincy.

In order to achieve this task, it is essential first to
develop an equivalent circuit model that may be used

to make sufficiently accurate predictions about motor

performance and characteristics with iron loss component,

A new equivalent circuit model may easily be develop-
ed by focusing on the characterization of the magnetic
field interactions occurring along the zero, direct, and
quadrature axes of the synchronous motor.

A new equivalent circuit model may be derived from
that of an induction machine™®, In the induction mode

of operation, the secondary frequency, which is a var-

iable, is determined by the relative motion of the air
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gap field and the secondary windings. The same machine
can be made to operate in the synchronous mode wherein
the secondary voltage is no longer produced by induc-
tion, but is provided by an external sypply, normally
direct current, which determines the frequency of this
winding voltage.

If the induction machine were to rate at synchronous
speed, as is widely known, there would be no induced
voltage because the secondary windings would be at rest
with respect to the movig field, If a dc current were to
be applied to the secondary, however, a steady field
pattern would be established, which would lock in syn-
chronism with the primary field moving at the same
speed™ #

Consequently, when both primary and secondary win-
dings carry curent, each yields leakage flux and mutual
flux. In other words, each mmf can be considered as
producing its own flux, some of which are leakages and
the rest of which are two mutual compoents of effective
flux crossing the airgap, which can be combined vecto-
rially to give the same resultant mutual flux. Thus, the
only resultant mutual flux affects the effective core loss
of the synchronous machine'”,

Based on this and by applying Lagrange multiplier
theory to a nonlinear equation derived from the new
equivalent circuit model, an optimum condition can be
established precisely to maximize efficiency of a syn-
chronous motor, As efficiency improvement of the motor
is dependent upon air gap flux, which is a function of
field excitation, armature voltage, and armature current,
motor efficiency can be improved by means of optimized
control of field excitation and armature veltage at any
specified load.

This energy saving measure, particularly fixed fre-
quency synchronous motor drives, has recently received

' This control is also appropriate

considerable publicity
for variable frequency drive systems that can now supply
variable frequency power to accomplish the predicted
frequency changes thanks to recent advances in power
semiconductior technology.

In a variable frequency synchronous motor drive, a
specified torque-speed operating point can be achieved
with a variety of field excitation and armature voltage
combinations as shown in Fig, 1-1. Therefore, the motor
efficlency may vary widely, but armature voltage is

usually maintained at its nominal value while field ex-



citation normally keeps the value of 1.0 or (L8 power

factor by conventional control strategy.
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Fig. 1-1. Torque vs. armature voltage for each field

voltage (vg),

In this strategy, there is an excessive core loss due
to air-gap flux, particularly at lighted loads, According-
ly, the motor efficiency can be significantly improved
by adjusting the air gap flux to the optimum value:
there is an optimum field excitation and armature vol-
tage combination to yield maximum efficiency at any
specified load™ ' The algorithm is realized by a 16-bit
microcomputer, control circuits, and power circuits,

To investigate the feasibility of the synchronous motor
as a variable speed device, it is important to establish
a set of equations which permits an analysis of motor
stability at any speed. Studies of free oscillation or in-
stability of the synchronous motor have been conducted,
but the approximations made in these investigations are
not applicable at low frequencies™ ',

Equations describing the behavior of the synchronous
motor for small excursions about a steady state operating
point are developed using the method of small displace-
ments, A stability analysis is then performed by em-
ploying the Nyquist stability criterion'™®, The effect of
varying the field excitation and amplitude of the ar-
mature voltage is discussed in some detail, This study
reveals that the synchronous motor is lightly damped

and may even be unstable at low speed" .
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[I. MATHEMATICAL DESCRIPTION

The assumptions on which the model and the present
analysis are based are listed below:

1) The stator windings are sinusoidally distributed
around the periphery along the air gap as far as
all mutual with the rotor are concerned.

2) The effect of the stator on the variation of any
of the rotor inductances with rotor angle is not
considered,

The synchronous machine under consideration is as-
sumed to have three stator windings, one field winding,
and two amortisseur windings. These six windings are
magnetically coupled. The magnetic coupling between
windings is a function of rotor position. Thus the flux
linking each winding is also a function of rotor position,
Thus the flux linking each winding is also a function
of rotor position. The instantaneous terminal voltage

v of any winding is in the form:

v=i‘2rii2}([pu] (2-1)

where A is flux linkage, r winding resistance, and i cur-
rent, with direcitonally positive stator current flowing
into the machine terminals, The notation Y. indicates
the summation of all appropriate terms with due regard
to signs. The expressions for winding voltages are com-
plicated because of the variation of A with the rotor
position. Thus in voltage equations such as eq. (2-1)
the A term is not a simple Li but must be computed
as A==Li+Li.

The voltage equations of a synchronous machine are
in‘the form of eq. (2-1). Schematically, circuits are shown
in Fig, 2-1, Mutual inductances are omitted from the
schematic for clarity but are assumed to be present with
the values given in flux linkage equations, In the case

of a motor the voltage equation for the conditions in-

[1 abc :|+
Irpe

dicated is as follows™':
l\fabc]:[Rahc 0
Vriog 0 RFDQ

where

(pu)
(2-2)

/\abc } [ Vn
+
AFI)Q D

Vase™ [Va Vs Vc] T
VFpg = [VF %) VQ]T
Rave=[ra re I‘c]T

RFDQ:[I‘F Irp I‘QJT
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Fig. 2-1. Schematic diagram of a synchronous machine,

Thus eq. (2-2) is complicated by the presence of time-
varying coefficients in by term, but these terms can be
eliminated by applying Park’s transformation to the

stator partition, This requires that both sides of eq.
(2-2) be premultiplied by [% 0}-

Us
{Voda}: Rabc 0 ][iodq]+l Aodq]
VFDR 0 RFDQ ) irnq /\Fnu

IE)P” Aodq nodqi
'l 0 F{ o [Py

(2-3)

where

yizz Y12

P=+v2/3| cos @ cos(8—2n/3)
—sinf  —sin(8—2nr/3)
V172
cos (8+2n/3)
—sin(6+2/3)
Nogg=Pvn=PR,P 'Pigpe +PLP "Piapc
3raio 3Lalo
= 0 [+] O (pu)
0 . 0

All terms in this equation are known, The resistace
matrix is diagonal. In eq. (2-3), replacing the terms in
A and A by terms in i and i

A great deal of information is contained in eq. (2-4).

First, the zero-sequence voltage is dependent only upon

(877)

Vo r+3r, 0 0 0 0 0 s
[ Va 0 r 0 0 ~wly — kMg {|ig
Ve 0 0 Y 0 0 0 ie
ve=0 |10 0 0 r'n 0 0 ip
Vg 0 wlhs kMg «kMp v 0 iq
ve—= 0 110 0 0 0 0 Tq iq
Le-+3L, O 0 0 O 0 io
0 L, kMg kMp 0 0 la
4 0 kMr Ly Mp O 0 ir (pu)
0 kMp Mp Ly 0 0 ip

0 0 0 0 Lo r |l
0 0 0 0 kMg Lo Jlie
(2-4)
i, and 10 This equation can be solved separately from
the others once the initial conditions on i, are given. The
remaining five equations are all coupled in a most in-
teresting way, They are similar to those of a passive net-
work except for the presence of the speed voltage terms.
These terms, cosisting of wA or wLi products, appear
asymmetrical and distinguish this equation from that
of a passive network, The speed voltage terms in the
d-axis equation are due only to g-axis currents, viz,,
i, and ig. Similarly, the q-axis speed voltages are due
to d-axis currents, ig, ir, and ip. Also all the terms in
the coefficient matrices are constants except w, the an-
gular velocity. This is a considerable improvement over
the description given in eq. (2-2) in the a-b-c¢ frame
of reference since nearly all inductances in that equation
were time varing. since @ is a variable, this causes eq.
(2-4) to be nonlinear. If the speed is assumed constant,
which is usually a good approximation, then eq. (2-4)
is linear. In any event, the nonlinearity is never great,
as @ is usually nearly constant, But iron loss terms that
are inevitably proposed for efficiency problems are not
contained in eq. (2-4). Consequently, as already present-
ed by authors®, a new equivalent circuit of synchronous
machine can be realized by putting the iron loss term
in the conventional equivalent circuit. As iron loss 1s
a function of induced (back) electromotive force, or
just emf, it is very improtant to define the induced elec-
tromotive force in the elertric machnie” ®. According
to Faraday’s law, the emf can conveniently be resolved
into two terms: the time variation of the air-gap mag-
netic field and the relative motion of stator with respect

to the reference coordinate frame in which the magnetic
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field is specified. Accordingly, as a induction machine, L+ rl.p Lot rL.o
if a imaginary resistance corresponding to iron loss can Cetrn T rern
be considered as shown in Fig, 2-2, the voltage equations Lao Lr
of the d-axis circuits under balanced conditions are: B= Lo Lo
. s ... w(lst 8L +
der(1a+lod)+ed(_ld+lod) +LAD (i.z+ir-‘+in) J dl‘g*:) = w(Edref:)LAD
—(L)LAQ (i q+i0) _weq(iq"'ioq) [pu] (2‘5) 0 0
VF=TFiF‘+‘eFiF+LAD(id+iF+iD) [pu] (2"6)
Vo= 0 :rDiD+L“D (id+iF+iD) [pu] (2_7) LAD+ rLAD . w(2d+eq)LAQ
Similarly, for q-axis circuits: Peen Lesn
, . . . . LAD 0
Vq=r(iq+ioa)+eq(iq+ioa) —Laa (iq+lq) Lo 0

+wL\D (ia+iF+in)+wéd(id+i0¢) [pu] (2"8)

. .. w(8at+2g) Lap rlag
ve=Talqt falqtLag (ig+ig) (pu) 2-9) Tevn Lot Tein
- Lao(igtie+ip) —wlp (irtig) (pu) 0 Lae
Teyn
(2-10) _ (gl Lag
_ Laqligtig) + wlapigtisr+ip) (pu) Fesn
oe ™ Tevn pd 0
(2-11) 0
Substituting egs. (2-10) and (2-11) for egs. (2-5), Lao+ —rrL—“L
(2-8), these equations can conveniently be expressed in L ern
terms of machine currents and voltages. Finally, the b :
equations are summarized as follows: Coliap Zalap  Lalirn 0
0
. . Cern Teyn Fesrpn
=Ai +Bi—Ci 2~-12
v=Ai +Bi—Ci [pu) ( ) 0 0 0 0 0
where €= 0 0 0
X 2.1 2L
T o0 0 b b
r— Lzre-“l‘i _ @l 0 0 0 0 0
et+h Tech
0 -
A= 0 0
Lap +wé L :
T B
0 — 0
_ wzevLAD ‘({qu+ CUTLAQ+ d)edLAg )
Tein b Fesn
0 0 wlo(iqgt+iog) wlag(iqt+ia))
Ir'np
0
a)Lau"‘ QFML'A‘)+QEQLQL r— h—uzedLA iatiag ie
Tein Fein
0 0
— < wline+ wrlagt &gl |
Tein
0
0 -
. w’edLAg wéa(igtise) wlap(iatir + ip)
Tevn
Iq

Fig. 2-2. New equivalent circuit,
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where re., 18 iron resistance, i d-axis iron current, ip

g-axis iron current,
. CONTROL STRATEGIES.

In general, the air gap flux of an electric motor is
maintained at, or near its nominal value for achieving
a high utilization of motor iron for permitting the de-
velopment of rated torque at all supply frequencies, For
these reasons, the constant flux mode of control has been
regarded as an optimum control strategy® *. However,
at light load, motor flux is greater than necessary for
development of the required torque, and losses are high,
resulting in a motor efficiency which is less than opti-
mum. Otherwise, the air gap flux is excessively reduced,
the armature currents and copper losses may rise unduly
in developing the required torque at a specific speed,

Consequently, there is an optimum set of armature input
voltage, field excitation, and load angle combinations

which gives the specified torque and speed with maximum
efficiency. Accordingly, in order to develop the maximum
efficiency condition, power input to a three-phase syn-
chronous motor, under balanced and steady state condi-
tions, from the new equivalent circuit model of Fig, 2-

2 is:

Pi= [Vd(id+iod) +vq(iq+i00) ]/3'+VFiF (pu)

(3-1)
where
Va4 cos @ cous{6—2n/3)
=v2/3

[VJ [—sinﬂ —sin(8—2n/3)

Va

COS(@“FZTI/S)} (pu)

v u
—sin(6+223) J| 7 |F

Ve
ig Va
g [=(T17 v, (pu)
ip V§

vp= 0
ve= 0
a)zéL D o U)I'LAQ
r re+)‘zA <qu+ Tern >
2oL,
[T]: de+ a;‘reI::D - wrfﬁ»hq
0 0
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—ql —
_ wz gLAg - OJzeLAD
Tevn Te+n
wlap+ wrlo wlap+ rlap
Cern Fe+rh
Ly 0
wrl g
CULAD+
Cein
. wzeLAg
Tern
0
vy =rgig{pu)
The correspondig electromagnetic torque is:
Te=(Agiq— Adia) /3(pu) (3-2)

The power output, including windage and friction

losses, is expressed as follows:

P,= mee[PU] (3_3)

where wp, is synchonous angular velocity in mechanical
radians per second., Optimal efficiency conditions (sta-
tionary conditions) may be derived from eqgs. (3-1) and
(3-3) at any specified torque (output power) and speed.
Accordingly, the performance index for the problem is
given by eq. (3-1). Since input power is expressed ex-
clusively in terms of equivalent circuit parameters, with
three variables: armature input voltage V, field excita-
tion vg, and load angle J. The optimum efficiency value
of the input power Psubject to the constraint of eq.

(3-3), is given by the function of three variables: V,

vp, and ¢,

Define a H function as:

H(B, ¢)=P.(8) +c"P°(B) 3-4)
where

c"=[c, cyrroer cm) . & set of constant multipliers,
P°(8) = wn(Adic— Agia) /3—P,

ﬂ:[VVF 5]

The necessary and sufficient conditions for 2 minimum

efficiency value of P, are:

Pe(8)=0
H(ﬂ, C)ﬁ= O



where

H(B, c)s=(0H/0V aH/ove oH/a8)"
Egs. (3-5) and (3-6) are rewritten as:

wn(Aalqg—Aqig)/3—P,=0 (3-7)
JH/ oV =08H/ v va/OV+H/ v ave/ OV =0
oH/ ove= 0
JH/06=0H/8vs ove/ 36+ H/ Bvy Bve/36= 0
(3-8)
Solution of eqs. (3-7) and (3-8) gives a stationary
value of motor power input Pi. To determine the nature
of the stationary value, it is necessary to investigate the
behavior of second order differential changes in the H
(8, ¢) function®, The second derivative matrix in the
H(A, c¢) function is given by eq. (3-9), and a positive
definite. Consequently, the stationary value obtained
from egs. (3-7) and (3-8) is an optimum value, V, vg ,
and d*, which yields maximum efficiency at any spec-

ified torque and speed,

H/ov:  oH/aV av,
H(B, ¢) as=| O*H/ VeV FH/vE

o'H/a58V *H/8680ve

&*H/ eV o8

*H/ 08

2'H/28°

3-9

In addition, the flow chart which are used to solve
the problem and the results are given in Fig. 3-1, and

Table 3-1, respectively.

Table.3-1. Optimuum efficiency values for each

load.
| DADS—ARS v pu) | o) | 6*(7)
| 1/4RL | 0.63 |0.551 86. 4
1/2RL 0.805 {0.791 86. 4
3/4RL 0.96 |0.927 | 86.4
L 0. 99 86. 4

The control loop for the practical realization of an
efficiency -optimized synchonous motor drive is proposed
in Fig. 3-2, and the flow chart for main and optimal
efficiency tracking programs in Figs. 3-3 and 3-4, re-
spectively, The proportional- integral (PI) controllers
are used both current and speed controllers because of

their easy turning and the absence of steady state error=

stol2z AHHE olfe F7
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This contro] strategy can easily implemented by using
an IBM personal computer.
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Fig. 3-1. Flow chart for obtaining optimum efficiency

value.
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Fig. 3-2. Control loop for optimal efficiency control
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i
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I

Fig. 3-3. Main flow chart.
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I RETURN FROM INTERAUPT

|
]
]

Fig. 3-4. Optimal efficiency tracking flow chart.

Also, since the non-sinusoidal supply to the motor
causes additional harmonic losses, which must be taken
into consideration when quantifying the efficiency im-
provement, and that sinusodial supply to the motor
develops torque cogging, the optimum efficiency motor

drive employs a revised McMurray voltage source in-

"as shown

verter with an auxiliary commutation circuit
in Fig. 3-5. This generates a PAM waveform for estab-
lishing a good wave from including small harmonic con-

tents of inverter output voltage.

[24]
Y
. Yﬂf A0 13 At rﬂf 3[75-
k k7 1o’
1] g C
" b O % 1) 2 ,Jzu ;gz‘ AEE ré[ 5 2
o 3% Pomer
o—22PY G J} ot Al
(O ] 0 a
o— o4 0
£ K £n f M 4 xi ¥ Xk Fr ¥
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Fig. 3-5. Power circuit for synchronous motor drive.

Finally, the experimental results are shown in Fig.
3-6. The input power of the inverter is gradually de-
creased, the output is maintained constant, and the per-
formance of the motor is carried to the most efficient
state. To compare the efficiency of optimal operation
(V/f: variable) with that of rated opperation (V /f:
constant), the synchronous motor is driven under the
rated operation for a while, and then the optimal effi-
ciency ¢ontrol algorithm is applied. The output power
is measured at the armature of dc dynamometer. the in-
put powe. is measured at dc side of the inverter, If the
efficiency of the inverter is considered to be constant,
under the state at 4
power with constant at 900 or 1800rpm, the input power
is decreased through the range from (.1% to 9.26%,, re-

spectively,

1
v 2,

%, or 1 of the rated output

= W

S

“

INCREAMENTAL IMPROVED EFFICIENCY

pu

Fig. 3-6. Increamental efficiency improvement vs.each loaa.
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IV. STABILITY STUDIES Aol
(fR+T eULAD rLA
An=r— T +<Ld+ﬁ>s
During balanced and steady-state operations the rotor on '
currents in damper windngs ip and ig become zero and =+ —21:’—1"—‘—‘—’—32
e-h
"field current is constant. In this mode of operation,
(f +Le Y
wherein the motor rotates at a constant speed, the time A= Lqlap 4 <L N Lo )s
rate of change in rotor angle sg is a constant w, The ' Tein 7 ren
equations which describe balanced, steady state opera- + _ed_]:éﬁ_sz
tion are expressed as: Ten
A=A,
Vao= Vcos?,
g T . oL A, ——<f+ A‘”)Lq
=r (laot10a0) T faliacioo— frlq (igot1oq0) (pu)
4-1D (f“+ L0 )Lt st B2 ) elag
vgo= Vsind, -
. vh
= (igptioqe) +falaan (igoFire) +fxla(izoticao) A ¢
w
[pu] (4 - 2) _(fk+ w )(ed+ea)LAQ s
Vio™ Iriro [pu] (4-3) Tein
=[ (La—Lg) idoiqo“‘kMriqaiFo] /3[9‘1] A= "<fn"+‘ Lw )Lw
(4 -4) A A
w
where the subscript o has been added so as to denote (f + >rLA°+ S< fot >edLAq
steady state quantities, The steady state rotor angle do Te.n
and the frequency ratio fg, and the steady state iron — ( R Aww ) (£at0q)Ling
currents i, loqo, are defined as: Ce.n s
80=9‘wot‘n/2 (4_2; A“:SLAD
fﬂ=w°/w8 (4 A22= I‘r+ SLy
o0 =—woliaaieo/Te n (4-17) A=A
. . 23 21
loge= woluap (iaotire) /Tesn (4-8) An= 0
It is clear that frequency ratio fgz depends upon the A= 0
value of electrical angular velocity of the applied stator Asni=sL.y
voltages and fg is unity when this angular velocity equals A=Ay
wg. If all variables are permitted to change by a small Agps=ry+sLy
amount about an initial operating point, eq. (2-12) As;=0
becomes, in matrix form Ass=0
I —\/'3'Vsin(30+Ab‘) An A A Au As <f“+ Aw“’ )Ld
Vko . AZ] Azz Azs Aza Azs
0 Asi Asz Ass Asi Ass < Aww >rLA|l+S( Aww >eqLAD
_\/_3'VCOS(60+A8) Au A As A Ao Te n
0 A5| A52 A53 ASl ABS
- (629 ) (et el ,
[ido+1d 4+ 2 w, . 4-Laban o
. . Fe.n Fe.h
Irotiv A
Dy (4-9) A.,=<fa+——w‘“ )L,,.,
igotig
Aiq (fu+ Aww >I’LA1:+S(fu+ _Aww >e qLA[)
Fe.n
where
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(et 22) (et 00l 51
+ _+_ aAdAD Sz
Tein Te.n
A43=Au
2
( R Aww> Caliag

Au=l'— Te n

(Lot Ehte )op Lobno o

Te.n
(8t éﬂ) CeLu

A45= - Fein

+(L + rLAQ) 4 talag £qLlaa <

e ‘h Tein

1:\51=0
A52=O
Asszo
Asi=sLia
Ags=r+sbL,
Using the approximation
Veos (§,+A8) = Vcosdo— Vsind, A& (4 -10)
Vsin (§o+ A F) = Vsind,— Veos 5o S (4 -11)

and eliminating the steady-state terms defined by eqs.
(4-1)-(4-4), the previous matrix equation can be solved
for the quantities only. The resulting set of linear dif-

ferential equation is:

v 3 Veosd A8+ arig, +biirot Ciigo

0
0
—/ 3 Vsind, A8+ asiastbaivot Caigo)
0
Bii Bz Bis Bie Bus Aia
Bz B Bis Buo Bas| | Adx
= B!l Baz B:s BJA Bss Ay (4 _12)
Ba Be: By Ba Bus| | Aig
Bsi Bs: Bss Bsi Bss JANTS
where
= 2fREQLADSA3/Q)
Lesn
by=a,
— LysAb/ew + rLAQsAﬁ/a;-FEqLAquAﬁ/w
e+h
:LdSAs/w—"‘ I‘LAUSA5/(A;+E<1LA|)SZA5/(U
e+h
b= Los/A 8/ rLapsA S/ o+ 8elans’ D6/ w
Le.n
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The linearized torque equation valid for small varia-

tions about an operating point is:

ATe=Te—Teo
= [(La(igot Aia) + kMg (iro+Air) FhkMpAip)
(g0t Adq) —( La (iqot Aia) —kMaAig) (iao+
Aia) = (Laigo+kMyivo) igot (Laieoiao) /3
(4 -13)
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It is evident from the form of eq. (4-12) that the three

rotor currents can be expressed in terms of the stator
currents, If the resulting 2X2 matrix is solved, for Aig

and Aiq in terms of AJd and the results substituted
into eq. (4-13), it is clear that one can obtain an ex-

pression which has the form:

ATe=G(s)AS (4 -14)

The expression for the transfer function G(s) is in-
cluded in Appendix B, In order to completely describe
the behavior of the motor about a steady- state oper-
ating point, dynamicsof the mechanical system must be
considered. In steady state, load torque Tp, is equal to
electromangnetic torque Tep. If & Ty is a small value
in eq. (3-3), positive change from steady state load

torque then:

Taot A Ta=Teot ATe— -~ (2Hs'A 8+ DsA0)
(4 -15)

Eluminating the steady state terms yields

ATa= ATe— =1 (2Hs'A64Dsa8) (4 -16)

Egs. (4-14) and (4-16) suggest the block diagram
representation shown in Fig. 4-1. By employing the
method of small displacements, the problem of deter-
mining synchronous motor stability has been recast in
the form of a simple feedback control system. Conse-
quently, the problem of motor stability is amenable to
any of the approaches commonly employed in linear
feedback control theory. Stability could be established
employing the Routh test or the root locus method:
however, a Nyquist criterion will be used in this devel-
opment. It is clear from Fig. 4-1 that the open loop
transfer function is:

wsG (s)

F)= 551 Ds

(4 ~17)

ATma - wg, a8 aT,

- 2Hs*+ Ds G(s)

Fig. 4-1. Small displacement & closed loop system.
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The stability of the closed loop system can be deter-
mined by setting s=jv and observing the locus of F(j
v) as v varies from - to +oo, Since F(s) does not have
poles with positive real parts, the closed loop system
is stable if, and only if, the locus of F(jv) does not pass
through or encircle the (-1,0) point. The equations which
have been developed offer a convenient means of predic-
ting the behavior of a synchronous motor, A change in
frequency is taken into account by a change in the value
of fg. Throughout this study, 60 Hz is assumed to be
the rated frequency and the per unit system employed
is based on operation at this frequency, Thus, the fre-
quency ratio fg can be interpreted as the steady state
operating speed expressed per unit. By utilizing previous
equations already developed, a digital computer can
easily be programmed to compute Nyquist contours for
the entire range of possible operating conditions in a
manner similar to that ¢arried out for the reluctance
synchronous machine®. If the particular motor studied
in unstable, the region of instability can readily be de-
termined, A region of instability for a three-phase, four-
pole, 7.5 hp, and 60 Hz synchronous motor is shown in
Figs. 4-2, 4-3. The per unit parameters of the motor
corresponding to these results are presented in Appendix
A. In Figs, 4-2 and 4-3, the amplitude of applied ar-
mature voltages decreases in linear form with frequency.

That is to say:

v={V (4 -18)

The field voltage vy defined as the per unit is expressed

as

wLlapv
ry

V= (4-19)

With the motor operating at base or unit speed, unit
voltage is induced in the stator (armature) winding if
Vr is unity. Fig. 4-2, V¢ is fized at 1.0 per unit. The
dashed line shown in Figs, 4-2 and 4-3 indicates the pull
out or maximum steady state torque at various operating
speeds. The closed contour forms the boundary between
stable and unstable regions of operation. The contours
shown in Fig. 4-2 ilustrate that stability of this same
motor is improved as a result of an increase in the
amplitude of the stator applied voltages. In all cases
applied stator voltage v experiences linear decrease with

fr. that is v=fzV, where the voltage V is normally 1.0
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per unit, Fig. 4-2 shows the contours for V=10, 1.1,
and 1.2 per unit. The increase in the region of instability
due to an increase in field excitation is shown in Fig.
4-3. Contours are given for Vg=0.75, 1.0, and 1.25 per
unit. Tt is noted that an increase in terminal voltage
serves to stabilize the motor whereas an increase in field
excitation tends to make the motor less stable, Also, the
instabili.ty regions for load changes are shown in Fig.

4-4.

pu
08 . _
VE=10 _-
é 0.6
2 o4t
5
[=4
o
e o2
0 0.05 0.1 0.15 02 0.25

FREQUENCY RATIO (f&)

Fig. 4-2. Instability regions for armature input voltages.
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Fig. 4-3. Instability regions for field excitations.
V. CONCLUSIONS

In order to study the accurate performance and char-
acteristics of a synchonous motor at maximum efficien-

cy, a comprehensive equivalent circuit model of the motor
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Fig. 4-4. Instability regions for loads.

was developed incorporating the frequency dependent
nature of its parameters and the effects of iron loss, From
the equivalent circuit model, a characteristic equation
related to motor input and output was derived, and then,
optimum efficiency conditions were established by ap-
plying Lagrange multiplier theory to the equation stable
regions over the whole range of loads,

These conditions were met by the of a PAM inverter
as a power circuit for minimum harmonic effects and
easy control, and a 16-bit microcomputer as control loop
for real time control.

During maximum efficiency operation, the motor is
found to be stable when the Nyquist stability criterion
is applied to the linearized equations which describe the
behavior of the motor when the motor loads perturb
about a steady -state operating point.

Based on the work reported in this dissertation, the
following conclusions are arrived at:

1. Optimal efficiency conditions as the combinations
of armature voltage, field excitation, and load angle
are invariably present in stable regions over the
whole range of loads.

. Power saving is possible in all load conditions, par-
ticularly remarkable saving accuring at light loads.

3, Motor efficiency improves as speed increases,

. In maximum efficiency operations, load angle main-
tains a constant value (86.4 degrees) regardless of
load conditions.

5. In maximum efficiency operations, a good power

factor (over ().8) prevails under any load conditions,
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6. Despite the reduction of the motor air-gap flux in
maximum efficiency conditions, the motor driven
system is usually stable, But a sudden great change
of the motor load makes normal operation impos-
sible.

. Motor stability improves by increasing armature
voltage or decreasing field excitation.

When major components required for this system and
the standardized micro processors for controlling the
motor have begun to be commercially produced the
control system designed for maximum- efficiency opera-
tion of the motor could be manufactured and installed
at much low costs, This will promote wider utilization
of the system and be instrumental in energy saving.

Finally, thank the authorities of the Ministry of Edu-

cation about financial support for this paper.
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APPENDIX A

SYNCHRONOUS MOTOR RATINGS
AND PARAMETERS

3-phase 4-pole 7.5 hp

Rated armature voltage 240 V
Rated armature current 13.5 A

Rated field voltage 135 v
Rated field current 2.1 A
Rated speed 1800 rpm
Frequency 60 Hz
Power factor 0.8 pf

r=0.04157 pu re=0.002668 pu Ip=0.031177 pu
19=0.132 pu Tesn=11.2034 pu

Ly=0.72945 py Lo=0.4508 pu  Lp=0.6824 pu

Lp=0.63918 pu Loa=0.35734 pu lo= ly=0.11345 pu

Lap=0.616 pu Laa=0.3373 pu
H=1.7214854 7=1297.312 D=0.05637 pu
APPENDIX B
SYSTEM TRANSFER FUNCTION
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