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Simulation of the Speed Control for Gas Turbines

using Vibrating Reed Regulators

Jacques Dat,* Jean Fabre,t and Liber Sanjurjo}
Institut National Polytechnique de Toulouse, Toulouse, France

This paper describes a vibrating reed regulator used to control the speed of a gas turbine driving
an alternator. The vibrating reed is excited by a pulsed jet of air at a frequency near to its resonant
frequency. The edge of the reed is displaced opposite a fuel pipe, therefore the center section varies
as the amplitude of vibrations varies. This amplitude is dependent on the frequency of excitation of
the jet and is a function, through the intermediate member to the detector and the acoustic wheel, of
the rotational speed of the exit shaft. This regulator is connected to the gas turbine and the entire
study of the cycle is studied analogically. However, it must be specified that the study of this con-
trol system using a vibrating reed as speed sensor and fuel regulator is a simplified linearized ana-
logical study. The paper presents the theoretical and experimental results concerning the character-
istics of the regulator and the performance in a closed loop of the studied system.

Nomenclature
A = reed vibration amplitude
a = (EI/p1S1)1/2, speed of sound in the reed
b = width of the reed
D = diameter of the fuel discharge pipe
E = young’s modulus of the reed metal
e = thickness of the reed
e*  =¢/D, reduced thickness
F = force applied to the extremity of the reed
Fy = amplitude of the force
f - = frequency of the signal exciting the reed
fr = resonant frequency of the reed
G = —AQ.:/AN, static gain of the regulator associated with the
reduction gear
Gi1 = AN/AQ,, static gain of the turbine
Gy = —AN/AW, static gain of the turbine
G* = —AQ./Af, static gain of the regulator
I = moment of inertia of the cross section of the reed
J = moment of inertia of the rotating parts of the turbine
L = length of the reed
m = number of castellations on the acoustic wheel
N = gpeed of rotation of the turbine
n = speed of rotation of the acoustic wheel
P = atmospheric pressure
AP = pressure upstream of the discharge pipe
p = Laplace’s variable
Q = rate of flow of fuel discharged by the pipe
Qn = nominal rate of flow of fuel given by the fuel flow regulator
. = rate of flow of fuel injected
S = section of passage of fuel in the pipe-reed system
S* = §/8y, reduced section
Sy = 7D?/4, maximum section of passage of fuel
S» = «D-$, minimum section of passage of fuel
Sy = cross section of the reed
T = atmospheric temperature
t = time
W = power delivered by the turbine
% = g% — Qy*
Y(p) = transfer function of the displacement y of the reed
y = lateral displacement of the reed
y* = y/D, reduced displacement of the reed
yM = static displacement corresponding to the force Fiy
a = angle
8: = (w(z{ a)l’z,
Y = reduction gear ratio
A = indicates an increase with respect to the nominal value
& = distance between the fuel pipe and the reed
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5% = 45 /D, reduced distance

€ = gtatic error i

f =T/Ts,

£ = damping coefficient of the speed controller

& = damping coefficient of the reed

@ = P/P;,

0 = gpecific gravity of fuel

01 = gpecific gravity of the reed metal material

oL = limit stress

oy = maximum stress

T1 = time constant of controller

T9, T3 = time constants of turbine

X1, B2 = characteristic constants of the reed material

w = angular frequency

w; = fundamental frequency corresponding to the first mode of
vibration of the reed

Subscripts

R = corresponds to resonance

0 = corresponds to the nominal working of the machine Ny =
50000 rpm; Wy = 10 kw

s = corresponds to the standard conditions of pressure and
temperature (P = 1013 mbars; T = 288 K)

Superscripts

— = time average value
/" = time derivatures

I. Introduction

THE initial idea, which lead to the study of a speed regu-
lator of the vibrating reed type for a gas turbine, was to
provide a permanent assembly capable of functioning by
means of the source of power which consists of the gases
under pressure from the compression chamber. The prob-
lem consists therefore of maintaining constant rotational
speed of a gas turbine driving an alternator, whatever the
electric power supplied, and taking into account the im-
portant variations of atmospheric parameters due to
changes in altitude, acting on the quantity of fuel injected
into the combustion chamber.

In fact, the prototype realized is not the first step into
the field of speed regulation of turbines or motors. One
can cite the solution of the on-off control type of Katz and
Iseman! and the delay line speed pickups of Tonegawa
and Kawasaki,2 Law,34 Noel,5 the Plessey Co.,6 Wolf,?
and Vamvakoussis.?

Several techniques of demodulation have been used.®-4
If a comparison is made of all these developments, we will
see that the solution which consists of using the built-in
reeds as an oscillating system, is the only one which might
guarantee high stability output characteristics when the
temperature varies. In the case of a turbine, the air sam-
pled at the compressor outlet undergoes large variations of
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temperature caused by, on the one hand, the variation of
ambient temperature and on the other, by the variation of
the rate of compression when the power delivered varies.
A simple entirely fluidic system is not susceptible of as-
suring the required performance.

1. Principle and Description of the Vibrating Reed
Regulator

One of the goals has been to supersede the control valve
generally used to control the fuel supply. The device stud-
ied (Fig. 1) is composed of a bank of injectors supplying
the combustion chamber with a rate of fuel flow §.. Up-
stream there is a flow regulator, independent of the device
studied, which gives a constant fuel flow Q.. The dis-
charge gate connected in parallel with the injector is com-
posed of a pipe before which a reed vibrates. This reed,
built in at one end, is excited at the other end by the
square wave signal given by a speed detector which inter-
rupts a jet with a disk. The jet is given by the compressor
of the gas turbine. When the frequency of excitation is
near to the resonant frequency of the reed, it vibrates with
an amplitude whose variation with frequency bears an in-
verse relationship with its damping.

The fuel discharge pipe is placed opposite the edge of
the reed (Fig. 2). If the distance from the reed is small
enough, the displacement y of the reed gives a variation in
the effective exit area, and therefore the rate of fuel flow
@ which it allows through there is the relation: Qv = Q.
+ Q.
When the reed vibrates with an amplitude A, the aver-
age rate of flow @ increases when A increases. If f < fg,
when the speed increases, A and @ increase and Q. di-
minishes which tends to decrease the rotational speed.
Since it is not linear, such a system does not behave in
practice like a proportional regulator. It is not possible to
annul the static error, and one has to acknowledge toler-
ance in the measurement of the speed if one wishes to as-
sure stability. Consequently, it is only possible to act on
the gain of the regulator, that is to say, the slope of the
characteristic Q./dN in the neighborhood of the working
point. And so the knowledge of the characteristics of the
machine let us determine the value of the gain of a pro-
portional system.,

In the study of this device, the dynamics of the fuel sys-
tem and the pneumatic system are neglected. It is how-
ever possible that for rapid variations of the speed the dy-
namic of the fuel system has a significant effect on the
system. At least, all the characteristics are linearized in
the neighborhood of the working point. The simulated
studies of the chain will show whether or not its structure
has been too idealized.

III. Determination of Optimal Gain

The turbine whose regulation we are studying is me-
chanically attached to a compressor driving an alternator.
The rotational speed N is function of several parameters:
N=N(Q., W,P, T).

The relationship is simplified by dimensional consider-
ations, and one can interpose three reduced parame-
tersl5,16

Ny = N/oV2 Wy =W/(@x 6% @, =Q,/ (@ x61/2)

where @ = P/P; and § = T/T,, P; and T being, respec-
tively, standard pressure and temperature (P; = 1013
mbars, Ty = 288 K). Thus we can write Ny = Ny(Qcs, Ws).

This relationship holds in steady state. A study of the
parameters of the turbine shows that the transfer function
of the former for small variations can be put in the form

Gy X AQ, — Gy X bW
AN(p) = A+ 7 xp)d + 715 xp)
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Fig. 1 Scheme of the fuel circuit and regulator.

One shows /16/ that 7o = JN,G2 (N,: nominal speed)
and 73 a time constant attributed to the thermic inertia of
the combustion chamber. These times constants are of the
form rs = & /6% /2.

The relationship above can therefore be put in the form

1
Av(p) =7
o Gi, X AQu(p) — Gy X AW(p)
(1 + (01/2/B) X 7 X p)1 + (61/2/@) X 73, X D)

)

where G1s, Gas, Tas, T35 are constants independent of at-
mospheric conditions.

This calculation of optimal gain G of the proportional
controller can be made if one knows these four parameters
and if the range of the variation of @ and 6 are fixed. Sup-
pose the regulator does not introduce either delay or dead
time. By definition we have

_ \ 2Q.(p)
AN(p)
Therefore the expression N( W) becomes

N _ G 1
To + T3 ToTs 42
1+66," "1x¢c?

1+

The static error and damping of the system are deduced
from

Fig. 2 General scheme and details of the vibrating reed and
discharge pipe.
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Fig. 3 Relative amplitude vs the relative frequency of the vi-
brations of a built-in reed.
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£ = _ Tos T T3
T2 + GG)TyT4fl/2 —

2[(1 + Gs X Gls)T2s XT33]1/2

It can be seen that the damping does not depend on ei-
ther @ or 6. The values of the parameters for the regulated
turbine are

Gy, =10.7 rps/1/h Gy, = 5.3 rps/kw N, = 833 rps
W, =10kw Q,,, =41 1/h 75, = 0.7 sec 7, =0.1 sec

By choosing G, = 0.8 1/h/rps, the values of £ and ¢ are
as for standard temperature and pressure conditions: £
=0.45; ¢ = 0.55.

First, suppose that atmospheric conditions are fixed at
the standard values. G being determined, one has to as-
certain the gain G*; = (AQ./Af)s. The acoustic wheel has
m castellations and is mounted on a shaft rotating with
speed n. One can write, calling v = N/n the reduction
gear ratio: G* = G-.y/m v is constant and equal to 6.25
while one is free to choose the value of m. G*; = 5/m 1/
h/Hz. It is necessary to determine the best value of m.
Several reminders on the vibrations of built-in reeds allow
us to be precise on this point.

IV. Notes on the Vibrations of Built in Reeds

Figure 3 shows the shape of the response curve of a reed
built-in at one end. Consider the force F = Fy, sin wt ap-
plied at the free end. Let vy, be the static deflection of the
reed corresponding to the force Fy. For a reed of constant
Ccross section one has

yy = (B X L%)/3EI @)
The forced vibration of the free end of the reed is a lin-

ear superposition of the response of the reed at each vi-
bration mode.!?” The deflection, without energy losses, is

of the form
4F, [ 2 1 ] .
—_— X
VT XS '.Ziwiz—uﬂ sin wt

w; is the undamped natural frequency of the ith mode. It
is possible to approximate the reed in the neighborhood
of the first resonant frequency to a second-order sys-
tem.15»18

One can see that the resonant frequencies w; corre-
sponding to the different vibration modes are not in a geo-
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metric progression. In particular w; are not exact multi-
ples of w1 whose value is

wy =1.015 x (e/L) x (E/p;)t/? @®)

This signifies, among other things, that if the reed is
excited by a periodic force of frequency w near to w1, the
frequencies of the different harmonics are very probably
different to the resonant frequencies w;.

Therefore the response of the conservative system is

y 0.97 .
Ve mﬁz X sin wt

In fact, energy is dissipated, in particular, from the
built-in surfaces, which leads to the introduction of a
damping coefficient £ and to the adoption of the fol-
lowing transfer function for the identification of the reed:

0.97
Y(p) = T
1 42 % o + o
In fact we are interested in the response A(w) or A(f) of
the system. It is possible to show that the assimilation of
A(f) to afirst-order system whose time constant would be

1 1
n g1 2mfp “@

So, to have a good response time, fr must be as large as
possible. As the frequency f of the signals is near to fr this
means that the number m should be chosen large. How-
ever, other considerations are inconsistent with this.

Let oy be the maximum valué of the stress for a vibra-
tion of amplitude A. For a reed of rectangular cross sec-
tion, it can be shown that it is equal to oy = 1.75 AE
e/L2. If o, is the limit stress, it is deduced from Eq. (3)
that the maximum amplitude A ; must be such that

0.58 o, X1 . 0.58 X 0,
A< o Gt = (Wi = )
(5)

The relationship (2) becomes with (3)

yM _ 4,08 1 . B 3,01 /4
Ty Blew 7 XX2 with x, = (p,°F) (6)
It can be seen as a result that the mode w; is increased
and therefore that fr, the smaller the maximum attain-
able amplitude becomes [Eq. (5)] and the smaller the
coefficient of safety.

The greater wy is, the greater the force Fy has to be for
a given deflection yy [Eq. (6)]. This signifies for one that
the energy used by the regulator increases as w;3/2. The
adopted value of m must be a compromise ensuring suffi-
cient speed and at the same time assuring correct safety
and economy of energy. For these reasons m was taken
equal to 1. Therefore the gain G* becomes G* = 51/h/Hz.

In order to give some idea of the speed of the detector,
we will state precisely the values of £; and w; for the ap-
plication considered. Frequency «q is equal to 835 Hz.
The value of £; depends on the way in which the reed is
built in as much as on the mass on which the reed is
fixed. It is possible with the help of experimental curves
of the amplitude to calculate the value of £4. For steel 35
NCD 16, and aluminium alloy AU 2 GN, £ is equal to 4
X 107316 However, the presence of fuel increases the dis-
sipation of energy and £; increases slightly and becomes 7
X 10~3. The time constant 1 will be in this case equal to:
71 = 0.17 sec.

V. Analytic and Experimental Study of Characteristic
Qy)

The simulated study of the functioning of the reed re-
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quires knowledge of the function Q(y, 5, D, e, AP). The
area of passage of fluid is defined by

s Q/c(%p)l/z

where c¢ is the rate of discharge coefficient for the pipe by
itself. Therefore the parameter S becomes a function of
entirely geometric variables: S = S(y, 6, D, ¢). We assume
in all that follows that the reed covers the pipe (e > D). S
being a geometrically complex surface, there is no ques-
tion of being able to know it directly. However, it is suffi-
cient to be able to determine an equivalent parameter
having the dimension of a surface and verifying the for-
mula which defines it. To measure S we have therefore
proceeded in the following manner: one calculates the
coefficient of rate of discharge of the tube by itself by sev-
eral measurements of § and AP; the value of ¢ being
known, one can then, for different values of y, §, D, e,
measure ¢ and AP to determine the value of S.

A. Effect of the Pipe-Reed Distance

It is easy to find two limiting values of S when ¢ varies.
If 6 is large with respect to D, S will be equal to Sy such
that: Sy = xD2/4. If § is small with respect to D, the sec-
tion will be that of a circular ring: S, = =D56.

If we let: S* = S/Sy and 6* = S, /Sy = 4 §/D; the
curves S*(6*) can be drawn with adimensional values.
The experimental tests show that linear approximation S*
= 6*is good if 6 < D/16, or6* <0.25.

B. Determination of the Equivalent Section S(y)

Suppose that the parameters D, e, 6 are fixed, so that e
> D and é* < 0.25. It is possible to find an analytical ap-
proximation of S(y). S can, in fact, be considered (Fig. 2)
equal to the sum of the two surfaces: the annular part S’
and the sector S’ of the circle uncovered by the reed

§=8 +8"=6Q2r—a)D/2 + (@ — sina)(D?/8)
By putting x = (D/2) cos {(a/2) and relating the geo-
metric parameters to D in such a way as to make them
adimensional, all the equations become

— 5%

1 *
s* =5 +~—2arc cosx*—xT(l—x*z)”z

with

x* = e* —2y* e* =¢/D, dy* =y/D

Figure 4 shows that the experimental results correlate
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Fig.4 Variation of the section S* vs X*.
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with the theoretical curves. However, the relationship
above is not easy to simulate analogically.

In order to make this simulation easier, we have com-
pared the curve S*(y*) to a curve formed by three straight
segments, the two limits being defined by S* = constant
after the limit has been attained. This approximate curve
is defined by

0= |y*i5——~—e*§ﬂ/4 S* = 5%
e* —1/4 . e* + /4 1 +5*
< Iyl <=5 $*==3
2
—;(1—6*)(e*~21y*|)(7)
|3’*|— e*;n/4 o —1

S* can be deduced from knowledge of S. Figure 4 shows
that the linear approximation does not differ too much
from experimental results.

VI. Several Observations on the Analogical Simulation

The analogical circuit of the turbine and its regulator
integrated with the fuel supply circuit has been achieved
with the help operational amplifiers. It is composed of
four principal parts: ‘a) simulation of the turbine by its
identification with the relation AN(AQ., AW), b) simula-
tion of the fuel supply which links AQ, with S, ¢) simula-
tion of the reed corresponding to section S with an excit-
ing frequency f, and d) simulation of the accoustic wheel
joining parameter f to the speed variation AN about a
nominal point. Figure 5 shows the scheme of the simula-
tor.

A. Simulation of the Turbine

The identification of the parameters of the gas turbine
shows that it transfer function is given by formula (I), and
variables AN, AW, AQ. represent the variations about a
nominal point. Let N, = 50,000 rpm, W, = 10 kw, Q¢so =
41 1/h. Therefore the simulation circuit will have in series,
a differentiator which calculates the function Gi; X AQ,
— G2s X AW, an amplifier with a gain control which al-

-
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Fig. 5 Scheme of the simulator.
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lows the adjustment of the factor 1/@ which corresponds
to variation in altitude, and two active low-pass filters
with a time constant, each provided with a control which
permits the variation of the factor §1/2/a.

B. Simulation of the Accoustic Wheel

A continuous voltage must be transformed into a signal of
fixed amplitude and of frequency proportional to the
speed of rotation. For this, a signal generator with fre-
quency variable by a constant voltage was used.

As the frequency of the exit signal is equal to f, one can
adjust the variable gain circuit so that one obtains Af =
(m/y) X AN. The generator is regulated in such a way that
when AN = 0, f = f, = (m/v)N,. The choice of the am-
plitude of the signals is such that when AW = 0, AN is
equal to 0, which corresponds to a centering of the propor-
tional band.

C. Simulation of the Reed

As the reed is a second-order system with little damp-
ing, the analogical circuit solves an equation of the type
¥ j@12 = —(y + 1y’ /w1 — Fuy sin wt) where Fy sin wt is
the signal coming from the signal generator.

Therefore the circuit consists of an adder and two inte-
grators whose integration constants are identical. A vari-
able gain circuit enables the damping £ to be adjusted.
The exit signal y which represents the deflection of the
reed is then rectified to give |y| since it is the last param-
eter which interferes in the calculation of the section of
the fuel flow. The section of fuel flow S can be obtained
from Eq. (7), joining S* to 6% and |y*|. The characteristic
consists of three straight segments. The analogical ap-
proximation is made with the aid of diode circuits.

D. Simulation of the Fuel Circuit

We have seen that @y = Q. + @ and for nominal work-
ing, @n = Qco + Qo; so we have AQ, = —AQ. The deter-
mination of AQ(S) leads to that of AQ.(S).

One can show6 that with the fuel used it is possible to
linearize the characteristic AQ.(S) and that one can adopt
a new relation: §, = 122 — 70 S where Q. is expressed in
1/h and S in mm2. The value of AQ, will naturally be a
function of the nominal rate of flow §., which depends on
the altitude AQ, = 122 — Q.o.— 70 S.

AQe [ ==
W ____Z_./[_.‘_j — fo/tr =.97
50 P 0 Y A X D=1.4mm
/ [ TN e=T14mm
s%0408 | 6 | .24 ™~
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\. ICO =
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Fig. 6 Variation of the injected flow @, with the frequency of
the vibrations of the reed.
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VII. Study of the Static Characteristic AQ.(f)

The determination of the gain G* in.the neighborhood
of the working point can be made with the aid of the stat-
ic characteristic AQ.(f). Figure 6 gives this characteristic
for two values of f,/fr (fo/fr = 0.95 and 0.97). This char-
acteristic has been plotted with the aid of an analogical
circuit by slowly varying the frequency and filtering the
signal AQ. in such a way as to obtain the average value.
The average rate of flow AQ. and the continuous voltage
proportional of f are recorded on a plotter. The curve has
identical shapes. The injected rate of flow decreases

slightly at first when the frequency is raised, then the

slope of the curve is accentuated, and AQ, cancels itself
out for the nominal working point and becomes minimum
when the resonant frequency is attained.

The curves can be characterized by three important pa-
rameters: by the slope in the neighborhood of the nominal
point on which depends the stability of the control, and
by the variations of maximum and minimum flow rates
which determine the extreme flow rates which can be in-
jected into the machine. It is, in fact, necessary to respect
two conditions: first, not to inject too large a flow rate so
that the temperature on the turbine blades does not rise,
and second, not to inject too small a flow rate which could
give rise to extinction of the flame.

To obtain the ideal adjustment, the suitable values of
the following parameters Q.,, D, e, 5, fr must be chosen.
The nominal flow rate @, at mean load is only dependant
on the altitude, for the trials it is fixed at the value it has
under conditions of standard temperature and pressure;
that is, 41 1/h. The diameter D is given by S, the maxi-
mum value of the section S. The thickness e of the reed
must be greater than D(e* > 1) and 6§ must be chosen so
that 6* < 0.25. Figure 6 gives also the characteristics Q(f)
for different values of 6*.

The gain in the neighborhood of the working point is
not sensitively influenced by parameter 6*. But the maxi-
mum variation of AQ. depends strongly on é* and the dif-
ference is all the greater the farther one moves from the
nominal frequency. This corresponds to the position of
rest or to reed oscillation of very small amplitude. In this
configuration, the mean section of passage of fuel is prac-
tically equal to the annular section S, = = D §, a rela-
tionship which implies the hypothesis of linearization
that @, may be proportional to 4. The distance from pipe
to reed can therefore be used to regulate the maximum in-
jected flow rate.

W{Kw)
(e.p':‘s) awlkw D=timm  ezUmm
AQc d/D=01  Ay=52mm
“/12). S Qeo=blU/h fo/fr=.97
0 ' AGe
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04,
1s
20 | —
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(%gs)‘ awlkw) D=14mm e=14mm
@?ﬁ) 5 /D=0l  Ay=88mm
o1 Qeo=l1Uh fo/fe=.95
6 AV " —
20 | 1s
AW

Fig. 7 Recording of AN and AQ, for a variation of the load
AW.
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If the value f, of the nominal frequency is given, it is
necessary to know what the value fz of the resonant fre-
quency will be. It fr moves away from f,, this signifies
that on the amplitude frequency curve of Fig. 3, the work-
ing point is displaced towards the bottom such that the
gradient in the neighborhood of this point diminishes.
Then when f,, /fr diminishes, the gain diminishes.

This result is evident on Fig. 6 where f,/fr has the re-
spective values of 0.95 and 0.97. Furthermore, if f,/fr is
decreased and if the exciting force stayed the same, the
amplitude would diminish and the injected rate of flow
would increase. It is therefore necessary when f,/fr dimin-
ishes to increase the amplitude of the exciting force in
such a way as to obtain the same rate of flow Q. at the
nominal state. The diminution of f,/fr also leads to a
diminution of the minimum injected flow rate.

VII. Experimental Study of Speed Regulation

The two values adopted for f,/fr lead, in the neighbor-
hood of the working point, to the following gains

fo/fr =0.97 G* =17.8 1/h/Hz
So/fr=0.95 G* = 4.4 1/h/Hz

The dynamic study of a closed-loop system has been
made for these two cases. The maximum load is 20 kw.
The normal rate of power is 10 kw and this working is
taken as origin for AQ., AN, and also AW which then
varies between —10 kw and +10 kw. For the two values of
fo/fr, Fig. 7 shows the variations of AN and AQ. when
AW varies from —10 kw to +10 kw and vice versa.

On the curve of Fig. 7 corresponding to a gain of 4.4 1/
h/Hz, there does not appear to be a perceptible difference
between a positive step and a negative step. The system is
correctly damped and the static error reaches £0.72% for
a variation of maximum load (AW = +10 kw). It is possi-
ble to reduce the static error to the detriment of stability
by increasing gain; so, for a gain of 7.8 1/h/Hz (Fig. 7),
the error in speed is less than +0.50% but the presence of
oscillations shows that the damping has diminished.

The response time is therefore increased and also the
oscillations do not represent the same form depending on
whether AW is positive or negative. In fact, when AW is
positive, the variation of speed is negative and the fre-
quency of vibration of the reed is moved away from the
resonant frequency. When AW is negative, the working
frequency of the reed reapproaches the resonant frequen-
cy, and the system is in fact much less damped; conse-
quently the amplitudes of vibration of AN and of AQ, are
more important when AW is negative. In fact, the nonlin-
ear response of the system appears clearly in this case.

The case for which G* = 4.4 1/h/Hz is therefore much
more satisfying, particularly from the point of view of sta-
bility and response time. The static error determined
under the most unfavorable load conditions has an ac-
ceptable value. However, the variations of exterior condi-
tions by a change in altitude can give it much more im-
portant values.

IX. Influence of Altitude on Static Error

Assume that the load does not change (AW = 0) and
that the rotational speed is always practically equal to the
nominal speed (AN = 0). The point in question is the de-
termination of AQ. the variation in the injected flow rate
as a function of parameters A® and Af. Use the system of
equations

Ns :N/91/2
ch :QC/JX 91/2

Ws — W/(E X 91/2
Ng = Ns(Ws, ch)
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Differentiate and write dW = 0 and dN = 0. After lin-
earization,

G,, ) _ ( G, N
= — X W A — —=a8 X S0
AQC ( cho Gis se © Gls Wso M Gis

~Qu) X5 @

The expression becomes, with numerical values, AQ./Qco
= 0.9 Ao —0.5A0.

The machine must be able to function at an altitude
between 0 and 3000 meters, on the ground the existence of
standard conditions (7" = 288 K, P = 1013 mbar) is as-
sumed and at 3000 meters, the conditions are 7' = 268 K
and P = 710 mbar. These conditions give the following
variations of the parameters: A = —0.07 and Ao = —-0.3.

The relative variation in the injected flow rate will
therefore be of the order of 23%. Thus for the machine
under study consuming 41 1/h on the ground, an increase
in altitude of 3000 meters diminishes the injected flow
rate to no more than 31.51/h.

If the machine is equipped with a proportional control-
ler such that the gain is equal to 4.4 1/h/Hz, the increase
in speed which will result from such a change is of the
order of 2%. Therefore, it appears that the variations of
altitude or more generally changes in ambient conditions
lead to static errors of the same order of magnitude as the
variations in load.

X. Conclusions

The proportional controller studied has allowed us to
obtain interesting dynamic performances on a gas turbine;
in particular from the point of view of response time.
However, the static error is not zero and small variations
of speed must be tolerated about the working point when
the load or the atmospheric conditions vary. If not, the
proportional controller is insufficient and it is necessary to
envisage the introduction of an integral stage in the con-
troller. But this control device has several advantages of
great practical interest: its simplicity of development
leading to low production costs, the independence which
it procures for the turbine by using gas from the compres-
sor and, lastly, the absence of friction between mechanical
parts, the only moving piece being the reed which vibrates
about its equilibrium position.

From many aspects it is moreover this last point which
seems the most interesting, for generally, in practice, ser-
vovalves of high production cost are used whose character-
istics do not always respond to the requirement of the
users.
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