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SUMMARY 

An optimising control system has been designed for 

application to an hydraulic transmission. Optimisation 

is achieved by an extremum control system which seeks 

continuously to adjust the transmission to a point of 

maximum efficiency. The form of extremum control system 

employed was one developed from the technique of using 

@ periodic perturbation.as a probing signal. In these 

particular circumstances a number of distinctive features 

have been introduced as modifications of the technique. 

The performance of the system was investigated theoretically 

and it was shown that an optimum design exists. In this 

the need for rapid adaptation was weighed against the 

sensitivity of the system to changes of the operating 

conditions. A system designed to this optimum requirement 

has been tested experimentally. The results obtained have 

indicated that the extremum control system is capable of 

competing only with slow changes in the operating 

conditions. This is seen to be an inherent limitation of 

the technique, but some features of the particular form 

of hydraulic system used were shown to be disadvantageous 

to this type of control. 

In the design of the experimental equipment two significant 

subsidiary problems have been studied in detail. It was 

necessary to develop a novel form of control system to 

regulate the output speed of the transmission. There was 

also the need to obtain a continuous measurement of the 

mechanical efficiency and this was met by the development 

of a unique form of measuring system.
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(1) INTRODUCTION. 

The philosophy of continuous optimisation has 

attracted considerable attention over the past 

fifteen years. In that time a number of different 

forms of system have been studied. Of these the ones 

which seek to hold a performance measure at its 

maximum, or minimum, value are of particular interest, 

These systems are sometimes called "extremum control 

systems". The great majority of the published work 

has been concerned with the theoretical appraisal of 

the different forms of system. In some cases analogue 

computer studies have been used to reveal aspects of 

the system performance in a simulated environment. 

But there remains a considerable gap between the 

theoretical possibilities and the achievement of 

fully engineered applications. 

Some of the reasons for this are immediately obvious. 

The first requirement is that the optimum setting of 

the process must be continually changing. It is also 

to be presumed that the setting is not predictable. from 

measurements on the variable conditions. The fact that 

extremum control is technically possible is by no means 

the justification for its use. In the majority of cases 

the economic value of the arrangement is the ultimate 

justification. In this the capital value of the 

improved performance must be off-set against the cost 

of the control system. It follows then that extremum 

control systems will normally only find application 

where the capital value of the performance improvement 

is great. These restrictions are sufficient to ensure 

that there are few practical cases where this form 

eet ae 

 



    

of control system may be successfully applied. 

Tha capabilities of extremum control systems are 

also restricted. There are inherent limitations to 

what can be achieved. Some forms of system are better 

than others in particular circumstances. The ability 

to maintain adequate control is then by no means 

assured without careful attention to the particular 

characteristics of the controlled process. 

In the work described here the objective has been 

to apply an optimising system to the particular case 

of a hydraulic transmission. The form of transmission 

used was, one providing a constant speed drive from 

@ variable speed prime mover. One application for 

this type of transmission is found in the drive for 

an alternator from an aircraft engine (14) | Hydraulic 

transmission offers an effective means of obtaining 

an accurately controlled speed, but in many applications 

it is not used because the efficiency can be low. The 

possibility of improving the efficiency provides the 

motive for applying an optimising system. In this the 

efficiency is used as a performance measure. An 

adjustment of the efficiency is possible when a 

hydraulic motor with variable stroke. is used. The 

setting required to give maximum efficiency changes 

with the operating conditions and the optimising system 

is designed to follow the maximum point as it moves.



  

(2) REVIEW OF EXTREMUM CONTROL TECHNIQUES 

The distinctive problem of controlling a process 

to maintain a performance measure at its maximum 

or minimum value was recognised as early as 1950. 

Up to that time closed loop control had been 

considered only in terms of systems in which a 

prescribed value of the performance measure was 

to be maintained. In this conventional control 

technique a determination of the performance measure 

at a given instant in time is used to give an error 

signal. This signal indicates the difference between 

the desired value and the current value of the 

performance measure. It is important to note that the 

error signal is defined by a single measurement of 

the performance measure at the required instant. 

-In contrast, extremum control depends on determination 

of the way in which the performance measure changes 

with adjustment of the controlled variable. A measure 

of the slope of the performance curve is required. 

The slope oftle curve cannot be obtained from a single 

observation of the performance measure. In principle 

no less than two observations must be made at different 

values of the controlled variable. This need to extend 

the measurements over a range of values of the 

controlled variable is the main distinctive feature of 

extremum control. Subsequent closed loop control 

action, based on the slope measurement, is required 

to drive the controlled variable to the point of 

‘zero slope and hence the extreme of the performance 

measure. Such control action is subject to the same 
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considerations as in conventional control technique. 

The essential problem of extremum control therefore 

resides in the determination of the slope of the 

performance curve. 

A variety of solutions to the problem have been 

proposed. Other terms such as ‘optimising control’, 

‘optimalising control', ‘adaptive control' and 

‘hill-climber' have been used to describe the general 

category of extremum control systems. The broad 

principles of operation of these systems were 

identified in the first ten years of development, from 

1950 to 1960. There have been several papers devoted 

to giving a review of these principles, of which 

Byéieigh’ 2): “pleckman’®?, Gvengtsdeo). and Wilk) “ane 
typical. These authors are not agreed on the way in 

which the various forms of system should be categorised 

anian alternative view will be developed here. There 

_also remain some distinctions of terminology which 

have not been entirely resolved. The chief point of 

distinction lies in the use of the term ‘adaptive 

control'. For instance Bvelsign« takes as his 

definition, 'An adaptive system is one which is 

provided with a means of continuously monitoring its 

own performance in relation to a given figure of 

merit or optimum condition and a means of modifying its 

own parameters by closed loop action so as to approach 

this optimum'. This definition is in such broad terms 

as to admit conventional control systems as well as 

extremum control systems. Others have taken a more 

restricted view. wir? requires that in an adaptive 

system the performate measure must be based on the 

ECA



  

dynamical characteristics of the controlled process, 

e.g. the impulse response. In this case not all 

extremum control systems would be classified as 

‘adaptive systems'. It remains that the features of 

the extremum control system are quite distinctive 

in principle and we may agree to describe these 

as adaptive in character. 

That some extremum control systems depend on a 

measurement of the dynamical characteristics of the 

controlled plant is an important distinction. 

Dynamical response can only be measured over an 

extended period of observation. This requirement 

places restrictions on the hill-climbing system. 

In the type of application considered here the 

performance measure is not a measure of the system 

dynamics. Therefore in the discussion which follows 

this will be presumed to be the case, 

In categorising the various forms of system under 

consideration it will be assumed that in all cases 

the performance measure is available continuously. 

Attention will also be confined to optimisation with 

respect to a single controlled variable. 

Systems differ in their mode of search in determining 

the slope of the performance curve. A distinction will 

first be drawn between two bicmad groups. In one group 

the search technique is based on a deterministic 

-gsequence of changes in the controlled variable. In the 

other group the sequence of changes is made to depend 

on the performance measure and ultimately becomes 

stochastic in nature. Typical of the first category 

wa Selle 

 



  

are systems which use a periodic perturbation of 

the controlled variable e.g. a sinusoidal wave-form 

and a square wave-form. Everleigh‘?), Jelonex! ©) 

and Roberta’ |? have written at length on the general 

theory of the operation of systems with a sinusoidal 

perturbation. Douce 8 has taken up the case of 

the square wave-form. A further refinement uses a 

pseudo-random sequence as test ai gums?) 

Aperiodic systems which have been described fall into 

two categories. Firstly there are those which make 

step changes in the controlled variable! ©), The step 

may be of fixed length but the direction controlled 

by. the success of failure of the previous steps in 

moving up the performance curve. Other arrangements 

provide for an adjustment of the step length in 

relation to estimates of the gradient of the performance 

curve. The alternative to the stepping system is to 

use a ramp function adjustment of the controlled 

variable. The adjustment becomes aperiodic whén the 

point of reversal of the ramp movement is chosen to 

depend on the performance measure. The 'peak-holding' 

system of Tsien\ 2°) is of this form. Systems of this 

type have been analysed by Morosanov' ++) and with 

some refinements have been applied by Perret (12), 

Recent work has been done on systems which combine 

periodic and aperiodic elements in the search 

technique 8)»(9) , In these systems a periodic 

perturbation is used to obtain a good estimate of the. 

Slope of the performance curve at a given setting of 

the controlled variable. Step adjustments are then 

 



  

made at the end of the test period on the basis of | 

the slope estimates obtained. This type of system 

is distinguished by the fact that the process of 

Slope measurement is separated from that of movement 

towards the optimum setting. In other systems the 

search action and the movement towards the optimum 

are superimposed. 

With this variety of forms of system available it 

becomes a fundamental problem to decide which system 

will be best for a given application, In making this 

choice it has been recogniedd 34447? that measurement 

noise is one of the chief factors to be considered. 

This noise has been broadly defined to be fluctuations 

~in the performance measure due Seas tees other than 

the controlled variable. Roberts has shown, under 

broad assumptions, that the type of system using a 

sinusoidal perturbation is best when measurement noise 

is significant. JeLonek'5) has compared this type of 

system with some aperiodic stepping systems and reached 

Similar conclusions. This comparison is not conclusive 

however and there are reservations depending on the 

particular form of system design. 

The fundamental problem is that of compromise between 

two conflicting requirements. On the one hand there 

is the need to obtain an accurate measurement of the 

Slope of the performance curve. But on the. other hand 

there is the requirement for rapid control action to 

persue @ moving optimum point. Measurement noise makes 

it necessary to extend the observation time in order 

to obtain an accurate slope measurement and this is 

not consistent with the need for rapid control action. 

 



  

  

The final choice of the best system for a given 

application is therefore very much dependent on 

the extent of measurement noise in the performance 

measure. , 

It is notable that the attention given to the broad 

theoretical justification for using extremum control, 

greatly exceeds that given to the application to 

industrial equipment. Perret 1e has made reference 

to tests conducted in applying an aperiodic ramp 

perturbation in the control system for an alternator. 

The system seeks the point of minimum reactive volt- 

amperes by adjustment of the excitation. These tests 

gave no attention to the problem of measurement noise 

and‘ the need to track a moving optimum point. 

Moran (13) has made a thorough investi.cation of the 

application to optimisation of steam generating plant. 

The special problems of this situation required that the 

system used a digital computer, connected 'on-line' 

to the plant. In this work the problem of making an 

assessment of the overall performance of an optimising 

system has been exemplified. 

The results of these application studies do not 

contribute directly to an understanding of the case 

considered here. Neither is it possible, on the basis 

‘of the published literature, to decide on the best 

form of system to be used in this case. In these 
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circumstances it was decided to design a system to 

best exploit the particular situation as it emerged. 

The resulting system was basically one using a 

periodic perturbation but it differs in detail and 

performance from what has previously been described. 

In the design of this system emphasis is given to 

the need to track a moving optimum point and it is 

shown that there is an optimum choice of design 

parameters in this case. 

FEASIBILITY OF AN OPTIMISING ADJUSTMENT. 

The form of transmission system chosen for this 

work was one required to provide a constant output 

speed while the input speed, from the prime mover, 

was varied. Normally a variable stroke pump, feeding 

a fixed stroke motor is used for this purpose. The 

output speed is then controlled by a feedback system 

manipulating the pump stroke'24), tn this case variable 

stroke machines were used for both the pump and the 

motor. The adjustment of motor stroke provides a 

means of changing the pressure and flow conditions 

in the hydraulic circuit. This feature then offers 

the possibility of locating a point of maximun 

efficiency. The optimising control system is required 

to adjust to the point of maximum efficiency automatically. 

In the first instance the feasibility of making this 

optimising adjustment is studied. It is required to 

assess the range of operating conditions over which 

 



  

    

an optimising adjustment can be made. This depends 

on being able to show that the efficiency will pass: 

through a maximum as the flow and pressure in the 

hydraulic circuit are changed. For the hydraulic 

machines available it is then possible to define 

the range of operating conditions within which the 

optimising system must work. This in turn indicates 

the appropriate choice of machines for driving and 

loading the transmission. 

A simplified diagram of the transmission is shown 

in Fig.(3.1). Rotation of the drive shaft causes 

a fluid displacement in the pump which must be 

balanced by a flow through the motor. A differential 

pressure between the inlet and outlet ports of the 

‘motor is set up to meet the torque requirements of 

the load. If the leakage of fluid past the pistons 

in the machines is neglected, the balance of fluid 

flow between pump and motor demands that, 

} 
NG Wa = ‘, an s Cel bb elise de hn eee 

when the pump and motor are identical machines. 

If the input and output speeds are fixed the ratio 

of the strokes a and v. is fixed. But there is 

room for varying the value of each while keeping the 

ratio constant. The effect of changing the stroke 

settings is to alter the pressure and flow in the 

hydraulic circuit. When the load torque and speed 

are held constant the transmitted power is constant 

and the product of pressure and flow is constant. 

a a
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A reduction of motor stroke ‘ requires a corresponding 
reduction of the pump stroke V, to keep the speed 
constant. At the same time este is a reduction in 
the fluid flow with a corresponding increase in 
the pressure. Thus flow can be exchanged for pressure, 
Some of the loss of energy in the system is attributable 
to the flow and some to the pressure and thus the 
possibility exists in principle,of finding an optimum 
setting of motor stroke which minimises the loss in 
the system. 

The following analysis shows more precisely how this 
exchange takes place. M.K.S. units are used. 

The pump is regarded as a source of flow (m?/sec) 
which is diminished by leakage flow g,. The leakage 
is presumed proportional to pressure 3 simplify the 
analysis. There is also a Grop of pressure,as a 
result of the fluid flow, leading to a nett output 
pressure PS (N/m?) On the assumption of linearity 
we may ee oa the St ats between these variables 
as represented by the "equivalent circuit" of 
Fig.(3.2). The resistance elements are defined by the 
ratio of pressure to flow (N.m 1G Ce" It might be 
argued that the element Ro should be connected across 
the output terminals of the equivalent circuit, rather 
than across the source. The distinction is unimportant 
however in this case because the series resistance is 
expected to be very much less than the parallel 
resistance. Ifia’ better approximation is required it
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would be appropriate to place two series elements, 

Ro/o) on either side of Roe 

The motor used in the transmission system is a 

Similar machine to the pump. It will be assumed that 

the machines are identical so that the equivalent 

circuit of the motor may be drawn as shown in 

Fig s5.3)4 

When the pump and motor are combined the complete 

equivalent circuit becomes as shown in Fig.(3.4). 

Now, assuming that Rs is very much less than Ro the 

power loss in the system is, 

pp? 
2 

W. = 2R, a + 2 Vee bhe seh i not sie) i 

ro
 

dis 

The power transmitted by the drive is Was equal to 

1 (W), so that equation (3.2) may be written, 

2 
Wi 

W, = eR, Me Pye arcrus Peamet oul) 

Ry 

If the power transmitted is constant we get the 

condition for minimum loss when aw, /av, = 0 

which gives, 

Ww. 

g = Gasca, oe See eRe i Pel) 
mo ors 

as the value of che Sow for minimum loss. 

This flow condition is to be set by adjustment of 

the motor stroke Vee If the variable ee is defined 

us dhs ae 

 



    

to be proportional to the motor stroke and take the 

value of unity at full stroke, then 

02 Ve 
a i salhcas mags opin bs COREE ES OU OW Chace CSE 

60 

where q is the fluid displacement per revolution at 

maximum stroke and W 18. in Fs pinss 

Substitution from equation (3.5) into equation (3.4) 

gives the optimum motor stroke, 

360 W, 
Scena te oe Vick bbs eke ct ueeoeo. 

mo ss 2 q° oe 
m 

It should now be noted that for the purpose of this 

work it is the efficiency of the complete transmission 

which is the object of consideration. The analysis 

must therefore include the frictional losses in the 

pump and motor. The above results are based on an 

approximate view of the hydraulic circuit alone. In 

order to accommodate the frictional losses it will 

be assumed that they can be related to the pressure 

and flow in the hydraulic circuit. This is justified 

in that a large proportion of the frictional loss 

will be due to the piston mechanism, in which the 

loading is proportional to pressure and the movement 

proportional to stroke. It is therefore proposed to 

include the loss attributable to pressure by modifying 

R . Similarly the effect of stroke changes on the 

friction will be included in Ro: The circuit of 

Fig.(3.2) may then be regarded as representing the 

overall terminal properties of the pump rather than 

oe Eb. Gi



  

  

the fluid system alone. 

In view of this we may now recognise that the 

transmitted power Wi can be equated to the mechanical 

output power of the motor. Taking Ta as the load 

torque, the output power becomes O T/60° On placing 

this in equation (3.6) we have the optimum motor 

stroke as, 

ee en 

This indicates that when the motor speed Oo. is 

constant the optimum stroke setting increases in 

proportion to the load torque. It is significant 

that the pump’ speed does not appear to affect the 

result. This analysis cannot be relied upon to 

indicate this conclusively however since broad 

approximations have been made. It is to be expected 

that the input speed will have some influence on 

the optimum stroke position but that the load torque 

is the dominant variable. The effect of changes in 

the fluid temperature may be inferred from 

equation (3.7). A rise in temperature will reduce the 

viscosity of the fluid . This will reduce the effective 

values of Ry and R_. The result will be to move the 

optimum stroke setting to a larger stroke. 

nie glee ERs chee ata 

It is now proposed to use equation (3.7) to define 

the range of operating conditions over which the 

transmission system may usefully be tested. We require 

in a



    

  

to find appropriate values of Re and ac for th 

machines to be used. The data available from the 

manufacturer are given on Fig.(3.5) and Fig.(3.6). 

The curves refer to the pump and motor characteristics 

at maximum stroke. Data on the characteristics at 

other stroke values were not available so that the 

effect of stroke changes cannot be assessed with 

great confidence. 

The change in the loss with pressure can be found 

from Fig.(3.5) as follows. Along the fixed speed line 

at say 1500 r.p.m.,we can extract values of efficiency 

for corresponding pressure values. Calculating the 

power loss in each case and plovting this against 

pressure gave the curve (a) on Fig.(3.7). The change 

of flow along the 1500 r.p.m. line is small enough 

for the loss to be attributed entirely to pressure 

changes. From the equivalent circuit of Fig.(3.2) we 

woulda expect the power loss at constant Plow to 

follow the law, 

P 

a We x ees ee haa oie pen, Pas 0) 

Dp 

where v. is the constant loss in Roe 

To find R. we plot w against se to obtain curve (b) 

on Fig.(3.7). The slope of this curve gives the result 

R. = 1.485 x 107 (N mn”? s). The intercept of 

curve (b) on the power axis gives w,, the loss at 

zero pressure. In accordance with the previous 
- 

argument ‘ithis is entirely attributed to the flow e+ 
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We may then write, 

2 
0 p Ry Ce date ers a ahs ot bee oD 

and using the nominal flow at 1500 r.p.m. we get 

R, = 3.13 x 10? (N m7? s). This amounts to neglecting 

the power required to turn the pump at zero stroke. 

These figures justify the assumption that Re is small 

compared with Ro A repétition of this procedure at 

speeds of 1000 r.p.m. and 500 r.p.m. gave substantially 

the same values of Ry and Roe 

Returning to the general result in equation (3.6) we 

note that the optimum motor stroke varies in 

proportion to the transmitted power Wi It is useful 

to enquire what is the maximum power which can be 

transmitted under optimum conditions with the available 

adjustment of _ This can be found from equation (3.4) 

We then get, W by solving for Wee 

Saif 
W, = fo6 Ro Ry see. eens Weak Sa) 

which gives the maximum power transmitted when 0 

takes the maximum flow value available at a chosen 

speed. When W, is evaluated in this way for several 

values of motor speed a line A-B is defined on the 

motor performance curves of Fig.(3.6). The significance 

of this line is that if a combination of torque 

speed moves the operating point above this line the 

-optimum flow exceeds what can be obtained wi 

maximum stroke. The absolute optimum cannot then he 

4 
reached and the best setting is at maximum stroke. 

= Dl



  

If the operating point falls below the line A-B an 

optimum stroke setting will be found at less than 

maximum stroke. The region in which the optimising 

control system will operate is then seen to be that 

below the line A—3B. 

In assessing the significance of this limiting 

condition it is useful to note the following poinis. 

The minimum loss condition of equation (3.4) 

corresponds to equal power loss in the series resistance 

and the combined parallel resistances of Pig. (3.4). 

This also implies a fixed ratio of pressure to flow 

equal to Vi, Re. The line A-B is then almost a straight 

line, since pressure is approximately proportional 

to torque as also is flow to speed. 

Apart from the line A-B further limitations must be 

imposed on the operating region. One limitation is 

the maximum working pressure of 3000 p.s.i. and a 

second is the maximum speed at which the motor may 

be run. A maximum speed of 2000 r.p.m. was chosen in 

order that a standard d,c. generator could be used 

to load the transmission. 

In conclusion it should be noted that the results of 

the above analysis are somewhat speculative. Broad 

assumptions have necessarily been made but it has 

been shown that in principle an optimum stroke setting 

will exist. It is also clear that the optimum setting 

is chiefly set by the load on the drive but the input 

speed and the fluid temperature will also have an 

‘effect. The main result is that the operating region 

has been defined and this is useful in the selection 

of machines to drive and load the transmission. 

nono 

 



  

4. DESIGN OF THE TEST RIG. 

4.1 INTRODUCTION. 

The form of transmission system, adopted as the 

basis of this work, was one in which the requirement 

was to maintain a constant output speed. This 

requirement is met by incorporating a speed control 

system (14) It was found to be convenient to 

make this control system an electro-hydraulic 

arrangement. A number of problems were encountered 

in the design of the system, chiefly in the 

characteristics of the electro-—hydraulic control 

valves which it was necessary to use. The 

resulting non-linearity of the system makes the 

theoretical analysis difficult. The other major 

difficulty lies in the variation of the dynamical 

characteristics of the transmission. Over the 

range of possible stroke settings there is a / 

considerable change in the response to control 

action. The normal technique of feedback control 

was found to be inadequate in dealing with this 

Situation and it was necessary to devise a novel 

form of contro] system. To this end the control 

characteristics of the.system were studied in 

detail. 

The theoretical treatment of this non-linear 

system was based on the use of frequency response 

characteristics of the elements. Data for the 

analysis were obtained from measurements made 

with a transfer function analyser . The 

instrument used was of the type which measures 

* Short Brothers and Harland Ltd. Mark I 
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only the fundamental component of the response 

wave-form. The approximations involved in using 

4.2 

data obtained in this way are those normally 

made in the general analytical technique of 

describing function shal yete: toes 

CHOICE OF CONTROL VARIABLE. 

_ The speed of the motor can be varied by changing 

4.3 

  

either the motor stroke or the pump stroke and 

a choice between them must be made. When fluid 

leakage is neglected we have,.from equation (3.1), 

¥ w., 
Sr ead OE Ss a eee or os ok) 

which shows that the motor speed is proportional 

to the pump stroke ‘S and inversely proportional 

to the motor stroke vat It is therefore best to 

control the motor speed by adjustment of the pump 

stroke as the control law is then linear. 

The motor stroke is then available as a controlled 

variable for making the optimising adjustment. 

The speed control loop employing feedback control 

can be identified with the block diagram of 

Fig.(4.1). There are two main blocks, representing 

the pump cam control elements and the hydraulic 

elements. These are first analysed separately. 

PUMP CAM CONTROL CHARACTERISTICS 

positions the cam plate and responds to the action 

ee
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of the electrically controlled ball valve. The action 

is as follows. 

The servo piston is subjected to hydraulic pressure 

at both ends. It is necessary that the area under 

pressure at the top end is less than that at the 

bottom. This being so, the servo piston is held 

stationary when the pressure at the bottom is less 

than that at the top. The pressure at the bottom is 

determined by the pressure drop in the restrictor ry 

and this in turn depends on the flow taken from the 

lower chamber. The restriction Pos formed by the ball 

valve,controls the flow and hence sets the pressure 

in the lower chamber. An electromagnet is used to 

set the position of the ball valve. 

When the electromagnet is energised the ball valve 

closes, cutting off the flow from the lower chamber. 

This .causes the pressure to rise in the lower chamber 

so that the piston travels upwards continuously. To 

reverse the motion the ball valve is allowed to open 

sufficiently to let the pressure in the lower chamber 

fall below the value which will support the piston. 

In this reverse movement the fluid in the lower 

chamber. is expelled through the ball valve and in the 

upward movement the chamber is filled through the 

restrictor ri. This displacement of fluid introduces 

a feedback effect in which the rate of movement of 

the servo piston influences the pressure in the lower 

chamber. In the design of this type of control 
mechanism it is difficult to arrange that the maxinum 

Or.



  

  

rate of travel is the same in each direction of 

movement. Also the speed of response is slow, due to 

the fact that it is uneconomical to allow a large 

flow to drain continuously through the ball valve. 

This limits the rate at which fluid can enter or 

leave the lower chamber. 

To hold a fixed stroke setting the ball valve must 

be kept partly open. This requires that the current 

in the electromagnet be set to give this valve setting. 

The electromagnet is not polarised so that the current 

flows in one direction through the coil and the valve 

responds to changes about the static setting. Toa 

first approximation the control action gives a rate 

of change of stroke proportional to the change of 

current in the electromagnet. 

An amplifier designed to energise the coil of the 

electromagnet is described in Section (3.3) of the 

Appendix. With an input current in the range 2 BA, 

this amplifier gives control of the rate of movement 

of the cam plate up to the maximum rate in either 

direction. The input resistance of the amplifier is 

approximately 1 k2 so that the amplifier is to be 

regarded as a current amplifier of low input resistance. 

In the first instance it is of interest to obtain the 

dynamical relationship between the position of the 

servo piston and the input current to the amplifier. 

The position of the servo pistionwas therefore measured 

by means of a@ linear potentiometer connected to an 

extension from the piston. Itwasultimately desired to



  

  

oD 
use this same potentiometer pick-off as a measure 

of the stroke. There is a possibility of some 

non-linearity in the linkage mechanism between the 

servo piston and the stroke setting. To assess the 

linearity of this relationship a tést was conducted. 

The motor speed was measured over a range of settings 

of the pump stroke with the motor at maximum stroke. 

The result of plotting motor speed against the 

indicated position of the servo piston is shown on 

Fig.(4.3). Under these conditions the motor speed 

gives a good indication of the fluid flow from the 

pump and hence the pump stroke. A straight line 

approximation has been drawn through the points 

plotted and it is clear that the departure from 

linearity is slight. For all further purposes the 

indicated position of the servo piston was taken as 

a measure of the stroke. The stroke variables . and 

¥ were defined to take unit value at full stroke 

and the measurements on the servo pistons were scaled 

accordingly. 

“In order to investigate the dynamical characteristics 

of the cam positioning mechanism it is necessary to 

establish control over the position of the servo 

piston using a position feedback loop. This avoids 

the difficulty of a possible drift in the stroke 

setting during a frequency response test. The circuit 

arrangement of the position feedback system is shown in 

Fig.(4.4), together with the corresponding block 

diagram. The element f(s) here represents the transfer 

function combining the amplifier and the electro- 

hydraulic system i.e. f(s) relates the stroke ¥, 
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to the current at the input to the amplifier. The 

block diagram is derived on the assumption that the 

voltage at the input to the amplifier is zero since 

the amplifier gain is high and the input resistance 

is low. 

It is required to identify the response function 

f(s), but this must be done from a measurement of 

the overall response of the position control system. 

From the block diagram of Fig.(4.4) we obtain the 

closed loop frequency response as, 

¥, f( jw) 
—- = : Gee e cess vec ton 2d 

vi R, (1 + —— 
Z 

or Vio RS F( jw) 
Wier Panera gele se eee Ga ee 

where F(jw) = k (jv) Bee cis ts hock cave hs ERS?) 

me 

Measurement of the closed loop frequency response 

gave the results shown on Fig.(4.5). The curves 

designated my to Ms indicate the change of the 

‘modulus of the response with different values of the 

test signal amplitude. The corresponding phase 

Characteristics appear as shown in the curves a, to 

ase There is clearly a considerable change in the 

response with variations in the signal amplitude. 

The signal amplitude is here specified in terms of 

the percentage movement of the servo piston at 
+1, zero frequency. With reference to Fig.(4.4) the 

2308 
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circuit parameters for this test were, 

R, = 47 k2 

6.8 k& 

1 

2 = 

and the constant k takes the value 8.9 Volt. These 

measurements were made with the pump stationary. 

A further test with the machine rotating,and on 

load, showed negligible change in the response from 

the results given above. 

R 

The amplitude scale of Fig.(4.5) has been set to 

read zero dB at zero frequency. This has the effect 

of removing the constant multiplier in equation (4.3) 

F( jw) 
L + F(jw) 

alone. These results may then be used to obtain 

the function F( jw) by transferring the data to a 

Nichols Chart‘ 17) , This chart is normally used to 

so that the curves actually show the factor 

evaluate functions of the form (je) when F( jw) 
Le+ KF jw) 

is given. We require the inverse process here. To 

do this the closed loop response data of Fig.(4.5) 

are plotted with reference to the parametric curves 

of constant amplitude and constant phase. The open 

loop response F(jw) is then read from the ordinate 

and abscissa of the chart. The Nichols Chart is shown 

on Fig.(4.6) with the data plotted from Fig.(4.5). 

The effect of changes in the amplitude of the test 

‘gignal on F(jw) is large but we note that the curves 

plotted on Fig.(4.6) are displaced by a vertical shift 

for the most part. This implies that it is the modulus 

rather than the phase of F(jw) which is affected by 
changes in the signal amplitude. This effect is 

BUSAN 
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what would be expected when the non-linearity is 

due to a pronounced saturation. This suggests that 

a model of the function F( jw) would take the form 

shown in Fig.(4.7), where h(jw) is a linear element. 

At small amplitudes the response approaches that of 

h( jw) so that this factor can be estimated by plotting 

the magnitude and phase curves of F(jw) at small 

Signal amplitude. This leads to the results given on 

Fig.(4.8). These curves are not consistent in detail 

with a linear form of transfer function, indicating 

that even at this small amplitude of 1% the saturation 

has an effect. However it is sufficient for the present 

purposes to make an approximation to Fig.(4.8) using 

the function, 

Ke F( jw) = n(jw) = eaeths 59 
jw(l + jwT,) 

When the constants Kp and Tp are chosen to fit the 

function to the phase curve of Fig.(4.8) we get, 

Kp = 8.2 x 10° s7+ 

These valuss then lead to, 

6.25 x 10° car 6 h(jw) = Amp. 82-4054, 6) 

  

jo(l + 0.023jw) 

In conjunction with the block diagram of Fig.(4.7) 

this formally identifies the response characteristics 

of the stroke control mechanism and the associated 

amplifier. 
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4.4 HYDRAULIC SYSTEM CONTROL CHARACTERISTICS 

The dynamical characteristics relating the speed 

of the motor to the pump stroke are to be investigated. 

The results presented here give a brief theoretical 

account of the expected performance, followed by 

an analysis of the results of measurement on the 

system. 

4.4.1 THEORETICAL CONSIDERATIONS 

Variable speed drives of the type used here have 

normally been subjected to theoretical analysis 

under conditions of fixed motor stroke (14), (46) | 

In order to appreciate how the observed response 

characteristics arise it is necessary to develop 

the analysis to show clearly the effects of changes 

in the motor stroke, A simplified view of the 

system in terms of linear approximations is 

sufficient for the present purposes. 

Two factors influence the general behaviour of the 

hydraulic circuit. There is the compressibility 

of the fluid and pipework which gives the system 

an el¢stic property, and the leakage of fluid 

in the machines which contributes energy dissipation. 

The dynamical characteristics of the load on the 

motor combine with those of the hydraulic circuit. 

When the load has a large moment on inertia a 

resonant mode is set up between the compliance of 

the hydraulic circuit and the load. This mode is 

damped by the dissipation in fluid leakage. 

ah oe 
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Energy dissipation in the load also contributes damping 

to this natural mode. In the following work the 

system was studied with the loading generator on open 

circuit; this is the condition of minimum damping which 

presents the worst condition from the point of view of 

closed loop control. 

The dynamical properties of the prime mover also affect 

the response of the transmission.to load changes. When 

the load is transmitted back to the prime mover it may 

give rise to transient changes in the input pump speed. 

In this case it is possible to approximate the drive 

motor to a constant speed source in view of three 

effects, 

(a) high moment of inertia of the motor 

armature. 

(b) shunt motor characteristics due to 

constant oon supply voltage. 

(ec) action of the/speed control loop. 

The mechanical linkage diagram is shown in Fig.(4.9) 

for the complete transmission system. Taking the 

drive motor speed to be constant allows us to regard 

the pump and drive motor as one element. Variations in 

the pump stroke are equivalent to changes of the 

input speed and are imagined as a speed disturbance Ws 

The element C in the linkage diagram is a compliance 

representing the elasticity of the hydraulic circuit, 

J is the moment of inertia of the load and risa 

viscous damping element due to fluid leakage. A coupling 

of velooity ratio S introduces the effect of changes 
m 

in the motor stroke. This mechanical arrangement has 

the same response characteristics as the equivalent 

mobo



    

circuit shown on Fig.(4.9). An analysis of the 

equivalent circuit shows that the transfer function 

relating the load speed change Wy to the input speed 

Change w. 4 is given by, 

a: 

ey vad wo.) 
r 

where Jy is the reflected moment of inertia of the 

—0 (4.7) eee cet ee @eeoeeeeoevoeoeveev eee Ae]. 

Ws Vas Cs 

load i.ee, 

Jun. Oi tac dn pet ceramine ener neue a0-\ S20) 
ae 

m 

The change of input speed Os is proportional to the 

change of pump stroke so that the overall response 

of the transmission system will be governed by the 

transfer function, 

  

® ro K 
= pe ar tere FCG 99 

vs ne 3° + 2:2 2. ow 1 

The quadratic factor here is the same as in equation 

(4.7) so that the time constant T is given by, 

7} 
NNN ee oe oe ee Gat cea e's FUM COT 

and the damping ratio z is, 
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The important conclusion at this stage is that the 

response characteristics of the system will vary 

as a function of the motor stroke. This is due to 

the change in the reflected moment of inertia of 

the load. The time constant and the damping ratio 

in the transfer function are both inversely proportional 

to the motor stroke. 

A further important observation is that the constant K 

in equation (4.9) is also variable. This constant 

represents the gain at zero frequency and it can be 

evaluated by taking the steady state condition of 

flow balance, 

pump flow = motor flow + leakage 

Ne wo, 4 oe 4 wo, 4 + ¢ Deis kc Vow ok OD 

If the leakage is neglected we then have, 

¥ 
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a ee kim tis ome peecEe Obs ta ck ur) 

m 

and the steady state gain for a small change of i is 

given by, oe 

K wou imal, ks Gas ee Vas i ow 4a) 

dq 

i) 
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m 

These results may now be used to interpret the 

experimental observations in a frequency response test 

on the transmission. 
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4.4.2. EXPERIMENTAL RESULTS. 

In Section (3) the operating conditions leading to 

a maximum efficiency in the transmission system 

were identified. In reviewing the rang of operating 

conditions likely to be of interest in the optimisation 

study, the area of interest was defined on Fig.(3.6). 

This suggests that the load speed be kept within the 

range 750 to 2000 r.p.m.. The effect of increasing 

the speed is to increase the flow at any given 

setting of the motor stroke. It is expected that 

the change of flow will have only a second order 

effect on the dynamical characteristics of the system. 

The lower speed limit was therefore chosen as a 

condition for these experimental tests as this allows 

the widest range of operating conditions resulting 

from pump speed changes. 

The behaviour of the motor speed as a function of 

pump stroke variations was investigated by measuring 

the frequency response. An a.c. tachometer generator 

connected to the motor shaft was used to measure the 

speed and the linear potentiometer,measuring the 

movement of the servo piston of the pump,was used to 

indicate the stroke. The position of the cam plate 

of the pump was controlled by using the position 

control system described in Section (4.3). A sinusoidal 

test signal was then applied to the input of the 

control circuit to produce a controlled oscillation 

of pump stroke. This is the same condition as was 

used in the tests to determine the pump cam control 

characteristics. The results of Fig.(4.5) give the 
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response amplitude and phase of the stroke oscillation. 

The overall frequency response was measured first, 

relating the motor speed to the input to the pump 

cam control circuit. These results were then corrected 

to give the true response, relating motor speed to 

pump stroke, by removing the amplitude and phase 

changes due to the cam control circuit, Fig.(4.5). 

It is important to note that in these tests the 

speed control system was in operation on the motor 

driving the pump. This is necessary so that the 

dynamical characteristics of the prime mover are 

the same as in normal operation. The drive motor 

Characteristics affect the response of the transmission 

since changes in the input speed contribute to changes 

in the output speed. These effects must be taken into 

account in the design of the speed control system 

controlling output speed. 

A series of tests was conducted with pump speed and 

motor stroke as parameters. The results are shown 

on Fig.(4.10) to Fig.(4.16) in sequence. The choice 

of test conditions was carefully made to explore 

the extremes of variation ofthe characteristics and 

the trend of intermediate conditions. The response 

curves are consistent with the transfer function 

_ represented by equation (4.9) and a view of the mode 

of variation of the response with operating conditions 

may be obtained as follows. 
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The gain of the system at zero frequency is defined 

by equation (4.15) and is constant when yk is 

constant. The results of Fig.(4.10), Fig.(4.11) and 

Fig.(4.12) are obtained for three conditions having 

the same gain at zero frequency. There is seen to 

be an increase in both the time constant and damping 

ratio as the motor stroke is reduced and this is 

consistent with what would be expected from equations 

(4,10) and(4,11). 

The variations due to a change of pump speed alone 

are seen in Fig.(4.12), Fig.(4.13) and Fig.(4.14), 

the motor stroke is here fixed at 0.5. There is a 

slight increase in the damping ratio as the pump 

speed is increased. This is due to the increased 

proportion of the leakage flow in the pump as a 

result of the reduction of stroke at the higher 

speeds. There is a negligible variation in the time 

constant which suggests that the assumption of constant 

drive motor speed is valid over the frequency range 

involved. The most significant effect seen in these 

results is the change of gain at zero frequency. The 

corresponding change in the gain constant K is 

consistent with equation (4.15). 

The variations due to changes of motor stroke alone 

are evident from Fig.(4.15), Fig.(4.16) and Fig.(4.10). 

The pump speed is then held constant. The trend is 

again that of increase in the time constant and 

damping ratio with decreasing motor stroke. There is 

also a change of gain which does not,however, entirely 

follow equation (4.15). There is a noticeable loss of 
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gain when the stroke is small which may be attributed 

to the increased leakage of fluid at small stroke 

settings. 

These results show little variation with a change of 

the amplitude of the test signal, provided that the fluid 

pressure in the system does not exceed the limit set 

by the relief valve. | 

4.4.3. CONCLUSIONS ON THE HYDRAULIC SYSTEM CHARACTERISTICS. 

  

The tests results show that the theoretical analysis 

of Section (4.4.1) is broadly satisfactory. The response 

characteristics of the system vary with the pump speed 

and the motor stroke. These variations amount to 

changes in the time constant, damping ratio and gain 

constant in the transfer function. The time constant 

and damping ratio are determined by the motor stroke 

setting alone while the gain constsnt is affected by 

both the stroke and pump speed. 

Some observations can now be made on the prospects 

of controlling the motor speed. The speed control 

system is required to adjust the pump stroke in order 

to hold the motor speed constant. In this it must 

counteract three sources of variation in speed, 

(1) pump speed changes 

(2) motor stroke changes 

(3) load changes 

As far as the steady state effects of these changes 

are concerned the balance of fluid flow, given by 

equation (4.12), will determine the required setting 
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of the pump stroke vO Consider the extent to which 

r must be ietimaaeed to counteract the effect of 

ensnees in each of the three variables. When the pump 

speed is changed ts must change in inverse proportion, 

and when the prime mover changes speed over the range 

750 to 2000 r.p.m. this means that the movement of 

pump stroke must cover a range of 2.67 : 1. A change of 

motor stroke ea requires, to a first approximation, a 

proportional change in ¥V_. If the motor stroke is 

allowed to change from full stroke down to 0. 25 this 

will require a 4 : 1 change in ve - Load on the 

transmission increases the rjdrentd pressure without 

much effect on the flow, such effect as there is will 

be due to increased leakage. The performance curves of 

Fig.(3.5) refer to the pump characteristics at 

maximum stroke. These show that the total leakage 

could’ amount to 15% of the flow when the pressure is 

raised to 3000 p.s.i. at 1500 r.p.m.. At reduced stroke 

the proportion of leakage flow is greater and may be 

as high as 50% but even so the effect of load on the 

output speed is small compared with the other two 

variables. For completeness it should be added that 

a change of load may also affect the pump speed and 

this would then contribute to the change of output 

speed. It has been shown that the prime mover gives 

a constant speed in this case so that this effect is 

insignificant. 

The variation in the transfer function of the system 

is to be accommodated in the design of the speed 

control system. The extremes of variation are seen 

in Fig.(4.10) and Fig.(4.16). In Fig.(4.10) the time 
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constant and damping ratio are small while in 

Fig.(4.16) the opposite extreme is evident. These 

variations must be taken together with a gain 

change which will amount to 10.65 : 1, or 20 dB, 

over a pump speed range of 750 to 2000 r.p.m., 

combined with a motor stroke change down to 

a quarter of full stroke. 

4.5 SPEED CONTROL BY FEEDBACK. 

Consideration is now given to the possibility of 

using a simple feedback system to control the motor 

speed. The form of the system is outlined in Fig.(4.2). 

The pump cam control elements in this diagram comprise 

the electro-hydraulic servo system and the current 

amplifier described in Section (4.3). To implement 

the arrangement of Fig.(4.2) the voltage Ve, 

representing the speed error,must be converted into 

a@ proportional current i at the input to the current 

‘amplifier. This is done as shown in Fig.(4.17), where 

also a more detailed block diagram of the complete 

control loop is developed. 

The general control characteristics of this system 

are those of a Type (1) system (19) | i.e. a system 

with one integration in the forward path. The 

integrating action is provided by the pump cam 

control elements. This means that in principle. the 

steady state accuracy of control should be high. The 

error current i will be brought to zero in the steady 

state,giving complete cancellation of the effects 

which might otherwise change the motor speed. 
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In the block diagram of Fig.(4.17) the frequency 

response of the hydraulic system is designated K.G( jw). 

This igs subject to the variations described in 

Section (4.4.2.), resulting from changes in the pump 

speed and the motor stroke. Following the conclusions 

reached in Section (4.4.3.) the response characteristics 

of Fig.(4.10) and Fig.(4.16) are taken to indicate 

two extremes of vaviation. The conditions of Fig.(4.10) 

are those of low gain constant, wide bandwidth and 

small damping ratio, while in Fig.(4.16) the same 

three factors are all at the opposite extreme. 

The element f(s) in the block diagram represents the 

pump cam control system. It combines the electro- 

hydraulic servo system and the current amplifier 

preceding it. In Section (4.3) the form of f(s) was 

identified and shown to be as indicated on Fig.(4.7), 

with h(jw) given by equation (4.6). This element is 

non-linear due to the effect of amplitude saturation. 

In considering the stability of the complete control 

loop we can simplify the analysis as follows. The 

saturation effect produces a gain change without a 

change of phase and the maximum gain is seen in the 

central linear segment. The stability of the control 

loop is therefore least when the non-linear element 

is operated in this range. It is then sufficient to 

design the control loop for stable operation when 

‘the fréquency response h(jw) is allocated to PCs); 
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When the frequency response of the hydraulic system 

is combined with h(jw) the result is obtained as 

shown on Fig.(4.18). Curves m,, representing the 

modulus and ays representing the phase, are derived 

from the response of Fig.(4.10). The corresponding 

curves m, and a5 follow from Fig.(4.16). In both 

cases the phase curves pass beyond 180° so that the 

open loop gain is limited by instability. The worst 

condition in this respect is seen when the motor 

stroke is small. The open loop gain can be set to 

65 dB on the amplitude scale for a phase margin of 

35° This would mean that the closed loop bandwidth 

will be 0.15 Hz which is so low that the system 

could only compensate for slow changes in the 

operating conditions. With this gain setting the 

conditions of curves (1) show an even lower bandwidth 

of 0.09 Hz. 

There is of course some possibility of improving the 

bandwidth by adding a compensating network but one 

would be looking for a ten times increase in 

bandwidth and this does not appear to be possible. 

The effect of saturation in this case can be regarded 

as giving a reduction of loop gain as the signal 

amplitude increases. Although the system stability is 

not impaired the effective bandwidth will be reduced 

still further. 

The general conclusion from this is that the control 

of speed by feedback alone cannot give anything but 

an unreasonably slow response. This is due to the 

AD 
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need to accommodate a large variation in the 

characteristics of the hydraulic system. Another 

factor is the low natural frequency of the hydraulic 

system. This is due to the high moment of inertia of 

the generator armature, which is driven by the 

hydraulic motor, combined with a large compliance of 

the flexible hose in the hydraulic circuit. 

  

EVOLUTION OF THE FEEDFORWARD CONTROL ARRANGEMENT. 

The following line of thought was followed in 

developing an alternative to the feedback control 

system. 

(1) The variation in the gain of the hydraulic system 

‘is a obstacle to obtaining stable control over 

the whole range of operating conditions. The 

change in the gain constant amounts to 20 dB. 

This could be avoided if the gain could be kept 

constant by inserting a network having a gain 

which varies in the opposite sense from that of 

the hydraulic system. 

(2) If the compensation of the gain was complete 

there would be no need to have a Type (1) system, 

with an integration in the forward path. A 

Type (0) system would give adequate steady state 

accuracy. The block diagram of Fig.(4.19) makes 

this clear. Here the network N has a finite 

zero frequency gain which is varied to keep the 

loop gain = constant. Thus, in the steady - 
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FIG.(4.19) 

SPEED. CONTROL LOOP WITH GAIN 

COMPENSATION   
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(3) 

(4) 

(5) 

state, Ve and the output speed Oa will both 

remain constant. The voltage error Ve will not 

be zero but this is not important as the system 

is a regulator, with fixed reference Vr which can 

be set to give the required output speed. 

In order to introduce the network N the integrating 

action of the pump cam control element must be 

replaced by a system of finite zero frequency 

gain. To do this it is sufficient to introduce a 

position feedback loop round the integrating 

element. A position controlled arrangement of 

this type was studied in Section (4.3) which 

gives an indication of what can be expected. 

It is necessary to devise a means of varying the 

closed loop gain of the pump cam position control 

system to compensate for the gain variations in 

the hydraulic system. The variation of the gain 

constant K for the hydraulic system is given by 

equation (4.15). This means that the gain of 

the compensating network must be proportional 

1 a % 

p 
A solution to this problem is shown in Fig.(4.20). 

The integrating action in the element f(s) will 

reduce the current i to zero in the steady 

state, so that the steady state gain becomes, 
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FIG.(4.20) 

VARIABLE GAIN NETWORK 
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where . is the fractional movement of the pick- 

off potentiometer over the range of variation 

fy 
ahi na 

Thus if R, is made proportional to ¥ and Ew 

proportional to oo we get the desired result, 

¥y v 
= hae AOE oe eee ee ee 

aah via 

Ve 5 

The further consequences of using this arrangenent 

are investigated in the following section. 

4.7 FEEDFORWARD LEADING TO NON-INTERACTING CONTROL. 

iA 

The line of thought pg@rsued in the preceding section 

was that of introducing a variable gain element in 

the speed control loop to keep the loop gain constant. 

It is now desirable to take a different point of 

view on the objectives of this arrangement. 

4.7.1 NON-INTERACTING CONTROL. 

When the pump speed is increased the control 

action applied to the pump stroke must reduce 

the stroke by the amount required to keep the 

motor speed constant. The action of applying the 

signal Ew, proportional to pump speed, to the 

variable gain network of Fig.(4.20), may be 

aS Meer 

 



  

regarded as a feedforward operation. Ideally 

this feedforward action should compensate 

completely for the change of pump speed, no 

further control action would then be required 

from the speed control feedback loop. The pump 

speed changes would then not interact with the 

motor speed. 

Similarly the adjustment of the motor stroke 

requires a compensating adjustment of the pump 

stroke. The action of adjusting R, in Fig.(4.20), 

in proportion to the motor stroke , should ideally 

set up the required pump stroke. Thus both these 

variables may be rendered non-interacting with 

the motor speed by the feedforward action. 

Some advantages of this technique are immediately 

obvious. The speed of response which can be 

obtained when controlling a load of high moment 

of inertia is much greater.than with feedback 

control. In the feedback system no control 

action can be initiated until the load speed has 

changed. But the feedforward system anticipates 

the change of load speed anda gives control action 

pefore the speed has changed. The high inertia of 

the load can even be an advantage under these 

conditions. Against this advantage there is the 

disadvantage that the feedforward system is 

essentially an 'open loop' arrangement in that 

the control action is not based on a direct 

measurement of the controlled variable. 
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The success of feedforward control depends on 

maintaining accurately defined characteristics 

in the feedforward path. This is one of the 

considerations leading to the decision to use 

a feedback control loop as well as the feedforward 

systen. 

4.7.2+ NON-LINEAR COMPENSATION. 

  

The idea of gain compensation was used in 

Section (4.6) to establish that the voltage Ew 

should be proportional to the pump speed Wy 

Similarly it was shown that Ry should be 

proportional to the motor stroke vs This is 

based on the somewhat idealised analysis leading 

to equation (4.15) in which leakage is neglected 

in the hydraulic system. In order to determine 

more precisely how the feedforward effect should 

be related to the primary variables it is better 

+o use the notion of non-interacting control. To 

do this a test was conducted as follows. 

The motor stroke and the pump speed were varied 

over a range of values and at each setting the 

motor speed was brought to the same value (750 PePelhe ): 

by adjustment of the pump stroke. The test was 

conducted with the loading generator on open 

circuit. The values of pump stroke obtained in 

this way should be set up by the feedforward action 

if complete non-interaction is to be achieved. 
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We require to decide how the pump stroke V., should 

be related to the motor stroke Ye and the pump 

speed w_. If 5 is plotted against ¥ at constant 

Ww, the result is as shown in Fig.(4.21). The 

relationship is non-linear but a straight line 

approximation is adequate. For a given value of w 
P 

we then approximate with, 

ae ae ir 
Yor Pee ee ee re oe A Be 

In the variable gain network of Fig.(4.20) we see 

from equation (4.16) how s is related to R,. This 

suggests that Ro should be made to follow the 

function given in equation (4.18). 

Also from equation (4.16) we note that V, is 

inversely proportional to Ew. Thus on plotting = 

against w_ we find how Ew is to be related to Wo 

This results in Fig.(4.22) and a straight line 

approximation is again used to establish the 

relationship, 

4 =G+daw Oe te ee ys a LO) 

p P 

Hence Ew must follow this same relationship. 

Equation (4.18), giving the motor stroke function, 

is implemented as follows. If Ro is made up of a 

fixed resistor r in series with a resistance 

proportional to Y we get, 

R = R ( = + Lae, Ee ee) Rae) 

2 

600 

 



FIG.(4.22) FIG.(4.21)   
 



  

and when this is inserted in equation (4.16) we 

have, for constant Ew, 

y 

2 = k Ceagee 4 Re ae ee ee. Cl 

Ve 1s ii 

The magnitude of = = = may be determined for each 

line on Fig.(4.21) to give the results shown in 

Table (1). 
  

  

      
  

{ x 
W r.p.ml. a 

750 0.0775 

1000 | 0.083 

1500 0.092 

2000 0.104 

TABLE (1) 

VALUES OF = 

There is a variation of the required ratio with the 

pump speed and an average value of 0.087 is taken 

as a suitable approximation. When R = 10 k& this 

gives r = 870 &. 

Similarly to implement the pump speed function 

in equation (4.20) we give Ew a fixed component e 

and a component proportional to Wo We can then   
write, 

Eo = E( &+ he) eRe ss es es ae oe 

and for a constant value of R, equation (4.16) then 
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gives, 

Ve W 
y =k, ( + xa60 ) as eS hes} 

Pp ‘ 

The ratio or £ can be evaluated for each 
E ~ 2000 4 

line on Fig.(4.22) to give the results shown in 

Table (2). 

  

  

  

        

Yn E 
0.25 | 0.107 
0.5 | 0.0345 
0.75 | 0.0625 
1.0 | 0.082 

TABLE (2) 
np & VALUES OF = 

There is a variation in the ratio with motor stroke 

and an approximation is necessary. A value of -0.129 

was taken. 

The final requirements for implementing these two 

relationships were met as follows. In the optimising 

system it is convenient to use an electro-mechanical 

integrator and set the motor stroke by means of a 

position control servo loop. The input to the 

position control loop is taken from a rotary 

potentiometer and it is convenient to couple a 

second potentiometer to the same shaft. The 

resistance of this potentiometer is then proportional 

OF is 

 



  

to the motor stroke. 

To generate the relationship given in equation 

(4.22) it was necessary to design an amplifier, 

the circuit details of which are given in 

Section (4) of the Appendix. The relationship 

between voltage and speed produced in this way 

is shown in Fig.(4.23). 

4.7.3. INTERACTION TEST 

  
The degree of interaction remaining after the 

feedforward system had been applied, was measured 

by subjecting the overall system to changes of 

pump speed and motor stroke. The speed control 

feedback system was not connected in this test. 

The results are given in Table (3). The figures 

presented here represent the percentage change 

from the base speed of 750 r.p.m., as set initially 

at w. = 750 r.p.m. with rs = 1.0. 

  

  

          
  

Pp 

. i LQ 0.25 

p 

750 0 io 

1000 0 +1 

1500 +1 —4 

2000 +2 -—6 

TABLE (3) 

INTERACTION TEST 
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FIG.(4.23)  



  

The results of Table (3) indicate that when the 

pump speed is low the motor speed increases as 

the motor stroke is reduced. This would imply 

that the fixed component of Ro is too large. 

. However when the pump speed is high the opposite 

effect is seen and the setting achieved is 

therefore a compromise between these two states. 

When the motor stroke is held constant at the 

maximum value an increase in the pump speed gives 

an increase in the motor speed. This would suggest 

that = is too large. Again the trend is opposite 

when the stroke is set to 0.25 and a compromise 

must be accepted. It is concluded that the settings 

achieved offer a reasonable compromise, within the 

limitations of what can be obtained with linear 

approximations. 

4.8 DYNAMICAL CHARACTERISTICS OF THE VARIABLE GAIN NETWORK. 

  The analysis of the compensating function of the 

variable gain network, in Section (4.7), has been 

based on the steady state response of the system. 

It is now required to look more closely at the 

dynamical properties of the system, bearing in mind 

that it is proposed to operate a feedback control loop 

round the complete system. 

4.8.1. THE PROBLEM OF GAIN VARIATION. 

The closed Loop gain of the variable gain network, . 

shown in Fig.(4.20), is changed by adjustment of the 

gain in the feedback path. This changes the open 

loop gain of the suosidiary loop round f(s) and 
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the dynamical response of the closel loop will 

therefore change as well. It is important that 

the subsidiary loop should not become unstable 

at the maximum gain condition. But equally at 

the condition of low loop gain the gain should 

be high enough to prevent the lag between ‘ and 

Ve becoming too large. A compromise must be found 

which must take account of a variation of loop 

gain amounting to 20 dB. 

The closed loop characteristics of this system 

were studied in Section (4.3), in order then to 

measure the frequency response of the element 

f(s). The results presented on Fig.(4.5) indicate 

what is to be expected in the closed loop response. 

There is .a marked peak in the modulus curves at 

high frequency when the signal amplitude is small. 

This indicates that the system is not far from 

instability. A further test was conducted in which 

Ry was reduced CPigi(4 43) It was then clear that 

the gain could not be increased more than 6 dB 

without instability appearing. Hence therewas a need 

to increase the stability margin of the loop to 

accommodate a 20 dB change of loop gain. 

4 e 8 e fe ° COMPEN SATING NETWORK 7 

The requirements for an increased stability margin 

may be met by introducing a compensating network. 

Reference to the Nichols Chart of Fig.(4.6) suggests 

that phase advance compensation is required in the 

region of 20 Hz. It is convenient to obtain this 

276 = 

 



  

  

by adding components C and R, as shown in Fig.(4,24). 

The resistor R is included to limit the current 

fed to the input of the current amplifier at high 

frequencies. This is necessary because the signal 

Ew contains high frequency components due to 

rectification of the a.c. tachometer signal which 

is used to measure the pump speed. 

The fact that Ro is variable must be taken into 

account in making the choice of the value of C. 

Furthermore we should enquire whether this means 

of improving the stability margin of the loop will 

adversely affect the transfer functions relating 

¥ to Ve, Ew and v 

A block diagram of the system is shown on Fig.(4.24). 

The component Yo is the transfer admittance of the 

feedback network and is given by, 

xe eC ER, + RS) 
Y, = e oe TO eee eee 

Ry (1 + sCR, ) 

  

The varying gain representing the transfer ratio 

of the pick-off potentiometer is designated k, 

k =F = Ew ELC Co aes tak ve Fa 
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PUMP CAM POSITION CONTROL LOOP 
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The transfer function 2 is.obtained from the 
e 

block diagram as, 

f(s) 

k f(s) 

¥ + ee 
42). 1 5s vip kens Cot oe here ere) 

Vegi eis 

Since Yo operates in the feedback path it 

appears only in the denominator of this transfer 

function. A phase advance in Yo will therefore 

contribute a lag in the response of ys to changes 

of Ve. 

The transfer function relating ¥S to Ew varies 

with Ew, i.e. the system is non-linear. For small 

changes we can find a linear approximation as 

follows. The pick-off voltage v in Fig.(4.24) is 

given by, 

v=p Ew YS ah Renna Marit SS aes 6 Sea oe 

then, for small changes, 

av = ue Ew av, + ea % aEw bn hev ous s Cae? 

and using this result,in conjunction with the 

block diagram of Fig.(4.24),we can draw the block 

diagram shown in Fig.(4.25). From this latter 

diagram the transfer function is seen to be, 

“HL Yo f(s) 
a ) wav ert hoee) 

dEw ey ary Y, Ew £(s) 

  

Here Yo appears in both numerator and denominator 

and the effect of phase advance in Yo is then to 

9, me
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RESPONSE TO CHANGES IN Ew 
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FIG.(4.26) 

  
        

  

          
  

RESPONSE TO CHANGES IN Ro   
=- 80 =



  

  

reduce the lag in the response of Yo to Ew. 

  

The motor stroke controls’ Le through the feedback 

resistor Roo The transfer function relating YD to 

changes in Ry depends on the value of Ros Again we 

may linearise the transfer function for small 

changes. The current in Ry is seen from Fig.(4.24) 

to be, 

~ k ¥V 
7 Ss a SS — 5 acaveh pu ote eee 4000) 

2% R 
2 2 

and hance, 

di -k ¥ 
2 

aR = Fv eceececeweeeeeeeee(4e3t) 

2 Ry 

For small changes in Ro the block diagram of 

Fig.(4.26) can be developed and from this the 

transfer function is seen to be, 

av k ¥ -f( s) 
= BS ieok tee 

Ey Rae Lye £3) : 
  

Because Yo is present in the denominator only a 

phase advance in Yo will increase the lag of D 

in following changes of Roe 

The overall assessment of these effects is that 

by advancing the phase of Yo the stability margin 

of the loop may be increased but at the same time 

there are detrimental effects. The lag of YD 

- 8lL- 

 



  

  

on Ve and ve is increased while the lag of e 

on w. is reduced. It is therefore unwise to use 

more than the minimum phase advance necessary to 

give an adequate stability margin. 

The phase characteristics of the function Yo given 

by equation (4.24) have been analysed (20) | Tt 46 

sufficient to make R3 470 & to limit the high 

frequency response. The maximum loop gain occurs 

when Ro is small and we therefore take the value 

for % = 0.25. Equation (4.20) then gives the 

value Ro = 3.37 k&. The time constant ratio in 

Yo sets the maximum value of the pa advance and 

this is determined by the ratio ae which 
Ro + R3 

becomes 0.122. The results of D'Azzo and Houpis 

then show that the maximum phase advance will be 

50°. To position the advance at the correct point 

on the frequency response characteristics involves 

a choice of capacitor C. In view of the response 

shown on Fig.(4.6) we make the lower break 

frequency of the network occur at 20 Hz and. 

thereby fix the value of C as 2.07 uF. 

At the minimum loop gain va = 1.0 and R, = 10.87 kg, 

so that the lower break frequency of the network 

then moves to 7.6 Hz. This frequency is still 

sufficiently high for the effects of Yo to be 

outside the frequency range of interest in the 

overall speed control system and is therefore 

satisfactory. 

~aere 

 



  

  

4.8.3. FINAL RESPONSE CHARACTERSITICS. 

With the addition of the network designed in the 

preceding section the response of Fig.(4.5) is 

modified and becomes as shown on Fig.(4.27). 

The improved stability margin is apparent. 

In assessing the response characterbtics it 

should be noted that this variable gain network 

will operate as the element N in the speed control 

loop shown on Fig.(4.19). The gain of the network 

is changed to compensate for the change of zero 

frequency gain of the hydraulic system, K.G( jw). 

However, as the gain changes take place the 

dynamical characteristics of both N and K.G( jw). 

alter. In order to design the speed control loop 

it is necessary to combine the response of the 

variable gain network with that of the hydraulic 

system. From the range of possible response 

characteristics for each of these it is necessary 

to select those which relate to conditions of 

extreme variation. In order to make it more easy 

to assess the trend of variation of the loop 

response it is helpful to identify an operating 

region defined by a and Wo The response of the 

variable gain network and the hydraulic system 

may then be associated with points in this region. 

Taking first the variable gain network. The steady 

state gain in the feedback path gives a guide to 

the form of closed loop response to be expected. 

The feedback gain at zero frequency is proportional 

to the factor g given by, - 

pas



  

FIG (4.27) 
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Ro 

From equation (4.20) we have Ry and from equation 

(4.22), Ew. Hence, 

W 

g == ( e+ seen) eee 
ay | 

R Yin 

Lines of constant g can be drawn over the operating 

region by solving equation (44954) for a i.e. 

Bw Sone ge 
Me = Pp week g R ) powcts CCAS) 

2000 R g 

The lines of constant g are thus straight lines 

which appear as shown on Fig.(4.28). The zero dB 

value of g is taken as 2.61, the condition leading 

to the results of Fig.(4.27). Further tests 

conducted at operating points xX (WV =1.0, w=500) 

and Y (V=0.25, w,=2000) in the region, define 

the extremes of variation of the response and the 

results are given on Fig.(4.29) and Fig.(4.30). 

Together with the results of Fig.(4.27), taken at 

point Z, a general view of the variation of the 

response over the operating region is obtained. 

Also indicated in the operating region on Fig.(4.28) 

are the seven points at which the response of the 

hydraulic system has been measured. These are 

numbered (1) to (7). 

oo Bs 5
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4.9 EVALUATION OF THE RESULTS OF FEEDFORWARD CONTROL. 

The general result of controlling the pump stroke by 

feeding forward signals derived from the pump speed 

and the motor stroke has been studied. It has been 

shown to be capable of reducing the motor speed 

variations to less than 6% in the steady state. This 

corresponding to a change of pump speed of 8.5 dB, 

or 2.67 : 1, combined with a motor stroke change of 

12 dB, or 4: 1. To reduce the interaction to this 

low level it was necessary to apply non-linear 

shaping to the feedforward signals. Straight line 

approximations were used in this to simplify the 

circuit design. A further reduction of the interaction 

could be maie by more attention to the choice of 

non-linear shaping functions, but this development is 

regarded as being beyond the scope of the present 

study. 

Another interesting problem arises when the dynamical 

interaction of the system is considered. If the pump 

speed is changing the lag in the feedforward control 

action is important. This will cause the change of 

pump stroke to lag behind the change of pump speed 

and will result in a transient change of the motor 

speed. There is a prospect of improving the situation 

by designing a network to operate on the feedforward 

signal, Ew, before passing it to the variable gain 

network. Similarly with the feedforward of motor stroke 
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changes, dynamical compensation could improve the 

response. These developments are considered to be 

outside the scope of the present work. An assessment 

of the dynamical charactersitics of the system, as 

designed at present, will be made following the design 

of the speed control feedback system. 

The response of the system as a variable gain network 

has been studied here. In this, the response to changes 

in the voltage error Ve has been measured. 

Non-linearity is a dominant feature of this response 

and is due to velocity saturation of the cam-plate 

control mechanism. This can only be improved by 

modifying the hydraulic system, which controls the 

servo piston movement, to give a higher maximum rate 

of travel of the piston. Some advantage is gained in 

using the mechanism as the basis of the variable gain 

network. This introduces a position feedback round 

the non-linear element which has the effect of 

improving the linearity of the overall speed control 

loop. 

4.10 DESIGN OF THE SPEED CONTROL FEEDBACK LOOP. 

4.10.1 GENERAL CONSIDERATIONS. 

The use of ,feedforward control of the pump stroke 

eliminates most of the variation of motor speed 

due to pump speed and motor stroke changes. The 

remaining variation is confined to the range +2% 

to -6% about the nominal speed setting. While the 

speed control feedback loop will further reduce 

these variations, its primary purpose is to 

compensate for changes of speed which result from 

load on the transmission. The design will be based 

ie OO ome



therefore on the point of view of rejecting the 

  

effects of load changes. 

The block diagram of Fig.(4.31) shows the control 

loop with a signal 6(Vw) representing the effect 

of a load change. Thus the speed change is 

indicated as a small change in the speed feedback 

voltage Vw. The change 6(Vw) is what would be 

seen if the load is applied to the transmission 

without the feedback control loop connected. 

If e(Vw) is the nett change in Vw, as a result of 

the same disturbance, when the feedback is 

operating, its value is given by the transfer 

function, 

e(Vo) _ 1 prac cs CAG) 
6(Vw) 1 + N(jw) KG(jo) k, 

The performance of the feedback control system is 

then to be assessed on the basis that this ratio 

should be as small as possible, over the frequency 

range of interest. A compensating network will 

be introduced to modify the response N( jw) so that 

the performance is improved. 

In order conveniently to evaluate equation (4.36) 

it is best to write it in the form, 

e( Vw) = Y(jw) = vio) Cage ethos) 
6( Vw) 124 °y¥( jo) 

  

se se 

  
 



  
  

  

N( jw) 
  

  

KsGljw is bak Y     v 

                

  

te. 
— 

FIG.( 4.31) 

BLOCK DIAGRAM WITH LOAD DISTURBANCE 

= “Oo... 

5( Vw) 

Vw 

   



  

  

where, 
: * 

Se eeoecVeeoeeere ae 8 

Le N( jw) K GC jw) Ke ps ae 

The response function y(jw) is then the inverse 

of the open loop response. Equation (4.37) may 

now be evaluated using a Nichols Chart 17) | As 

this is not the usual way in which the chart is 

used, some explanation of the mode of application 

here is necessary. 

A Nichols Chart is presented on Fig.(4.32). If the 

values of y(jw) are plotted against the ordinate 

and abscissa scales, the lines of constant magnitude 

and constant phase give values of Y( jw). When the 

magnitude of Y(jw) is zero dB the effect of the 

disturbance is the same in magintude with the 

feedback connected as it would be on open loop. 

More significantly, if the modulus of Y¥( jw) is 

greater than zero dB the effect of the disturbance 

is increased in magnitude by the feedback action. 

This is clearly most undesirable and therefore the 

locus of y(jw) should, as far as possible, be 

confined to the region outside the shaded area on 

Pigs (4.32). 

The need for stability also places restrictions on 

the locus. Any system having a stable open Loop 

response,i.c. with no poles of the open Loop 

transfer function in the right hand half of the 

s-plane, will be stable only if the locus of y( jw) 

passes above the critical point (O dB, zero phase 

margin) as frequency increases. This means that 
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ideally the phase angle of y(jw) should not 

exceed 90° at high frequencies if both these 

requirements are to be met completely. 

4.10.2 CHOICE OF DATA FOR ANALYSIS. 

  

In designing the speed control feedback loop it 

is first necessary to obtain the open loop 

frequency response. The loop is made up of two 

sub-systems, the hydraulic system and the variable 

gain network. Both of these have response 

charactersitics which vary with the operating 

conditions. A choice must be made from the data 

giving the response of each of the sub-systems. 

The diagram of Fig.(4.28) assists in making this 

choice as it is necessary to associate the two. 

sets of response data as they vary over the 

operating region. On this diagram the points 

numbered (1) to (7) indicate the conditions under 

which the response of the hydraulic system has 

been tested. The results of these tests are given 

in Section (4.4.2) and correspond to the points 

indicated as follows, 

Point (1) corresponds to Fig.(4.10)   
Wee C2) r Wo Bie. (4 4s) 

oe ey : wo Pig.(4.12) 

oe Ca) " We. Figs CAeio9 

te (5) " " Fig.(4.14) 

t  °(6) " " Fig.(4.15) 

Nee oT) WGN Rigel 416) 

me 95°=



It was observed in Section (4.4.2) the response 

of the hydraulic system is only slightly affected 

by changes of the pump speed but varies considerably 

with the motor stroke setting. The extremes are 

are therefore seen at ee = 1.0 and ‘S = 0.25; the 

results under these conditions are given on 

Fig.(4.10) and Fig.(4.16). 

The lines of constant loop gain in the variable 

gain network are also shown on Fig.(4.28). It then 

becomes clear that points X and Y represent the 

operating conditions which set the extremes of 

variation of the complete open loop response of 

the speed control loop. In addition it is also 

advisable to look at the conditions at point W 

and this represents an intermediate state. 

An initial review of these three conditions shows 

that the response at point X sets the limit to 

the zero frequency gain required for stable operation. 

At this point the data from Fig.(4.10) are combined 

with those of Fig.(4.29) and their inverse is 

plotted on Fig.(4.33). Here Curve (1) is obtained 

using the response of the hydraulic system alone 

as a basis for comparison. Curve (2) includes the 

response of the variable gain network with a 

signal amplitude of 2.5% and Curve (3) uses the 

results at an amplitude of 25%. The curves have 

been given a vertical shift to place the zero 

frequency gain at zero aB for convenience. It is 

clear that the curves pass well into the 

undesired region, What is more the control loop 

- 96 - 
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will become unstable at this gain setting when the 

amplitude of oscillation is large, i.e. the locus 

Curve (3) passes below the critical point. In this 

condition the system will be stable in response to 

smal] disturbances but will diverge into oscillation 

following a large disturbance. The oscillation.will 

eventually carry the pump stroke between zero and 

maximum stroke with a frequency of about 1 Hz. 

There is clearly a need to make a compensating 

adjustment to shape the frequency response so that 

this effect is avoided. 

4.10.3 COMPENSATION. 

The instability identified above may be removed 

by reducing the loop gain and therebymoving the 

locus curves upwards on the Nichols Chart. 

However the resulting control action would be 

quite ineffective as the loop gain will be too low. 

The compensating adjustment must move the locus 

to the right i.e. to advance the phase if the 

reduction of loop gain is to be avoided. The method 

of introducing compensation is to set up the 

appropriate transfer admittance Yy as shown on 

Fig.(4.24). 

The simplest form of phase advance network would 

be that shown on Fig.(4.34). For this network the 

transfer admittance = is, 

yy = ft, ( ke + 8S T,) Sl oe Wg hae eT coo) 

2698 x 
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FIG. (4.34) 

SIMPLE PHASE ADVANCE NETWORK 

  

              

      
  

FIG. (4.35) 

PHASE ADVANCE NETWORK WITH 

COMPLEX ZEROS 
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where T, =o Ry Oe Go pom Cg fee ogee eee 4 

This network does not prove to be satisfactory. 

It gives 90° phase advance at high frequencies 

but the rise of gain with frequency brings the 

locus curve downwards on the Nichols Chart to 

counteract the advantageous effect of the phase 

advance. 

The large increase of phase shift in the variable 

gain network at about 1 Hz is largely responsible 

for the difficulty. That the peak of the response 

of the hydraulic system also comes at about 1 Hz 

exaggerates this effect. With this in mind a 

second view of the choice of compensating network 

may be taken. The objective in this is to 

cancel the peak response of the hydraulic system 

and at the same time to introduce the phase advance — 

effect. 

It was shown in Section (4.4.1) that the response 

of the hydraulic system may be closely approximated 

by the transfer function given in equation (4.9). 

The complete open loop response is then given by, 

: N( jw) K k 
1 g St AAA) 

y( jw) be (jw?) ¥ 28 jolts 2 
  

where N( jw) is presumed +o embrace the compensating 

function of the transfer admittance Yy° The peak 

due to the quadratic factor in equation (4.41) 

may be removed by cancelling it in N( jw) and 

substituting a simple lag. The form required in 

~ 100 ~ 

 



  

  

N( jw) is then, 

  

: 2 ; 
one Ko ((JeT) +2 2 jwl-+ 1) Orta a2) 

joT, + 1 
    

k 
& 

The values of the time constant T and the damping 

ratio z are to match those of the hydraulic system. 

For the response given on Fig.(4.10) we have, 

te Osveuse 

z=0.3 

K k, aL7.5 GB e595 

The choice of Typ and Ko may now be made so that 

under large signal conditions the combined locus 

falls in a satisfactory position on the Nichols 

Chart. 

Of the networks which can produce a transfer 

admittance as required by equation (4.42), the 

one shown on Fig.(4.35) was chosen because it 

contains only RC elements... It gives the transfer 

  

admittance, 

2 
edhe oe ele tab ieee 1 

Ye = eeeveeeoeoe ee 8 @ 4.43 

1 x ( sT3 eek ) ( 

and has sufficient degrees of freedom to allow 

independent adjustment of the three time constants. 

This is necessary in order that the quadratic 

factor can have complex zeros as is required in 

this case. Analysis of the network gives, 

- 101 - 

 



  

    

Ke Rj (Ri C} + 2 RCo) 
1 = 

2 Ry + Ry 

0, R)RA0,C, 

RC, + 2 RAC, 

REG Poe Pra cci ves bars ars4) 

2 al 
3 = eee 

2 

oe LR 
oe 

2 R, “ R, 

In order to design the network for specified 

values of A and the three time constants, 

equations (4.44) are solved for the component 

values, 

  

  

3 | 
R i AT, Q 

+" : 
2( T3 - T,(T,-T,) ) 

2 ae Ana, 

eet tT. at.) 
nk 3 2 64 Peat erst €i45) 
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TT 
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To facilitate the choice of To and hence T, the 

form of the response function ¥, (jw) is plotted 

on Fig.(4.36) for two values of T,. Either of 

these two conditions would be satisfactory when 

taken in conjunction with the response data at 

point X in the operating region. The larger value 

of T3 is the best as this allows a higher gain at 

zero frequency. However the effect on the response 

at other points in the operating region must be 

considered. If the conditions at point Y are taken 

the overall response becomes as shown in Fig.(4.37). 

Similarly at point W the results are as given on 

Fig.(4.38). The significant feature of these curves 

is the depression of the phase towards 180°, This 

carries the locus of y(jw) towards the critical 

point on the Nichols Chart. In fact the phase 

depression is too great even with the smaller 

value of T° The conditions at operating points 

Y and W thus impose restrictions on what can be 

achieved at point X. The problem is that of making 

a compromise over the three conditions. 

The phase depression seen on Fig.(4.37) can be 

reduced by increasing the damping ratio of the 

quadratic factor in the response of the compensating 

network. The result of changing the damping ratio 

to 0.5 is shown on Fig.(4.39). When this 

compensating response is combined with the response 

of the hydraulic system at point W the result is 

as shown on Fig.(4.40). Of the two values of T, 

e 

- 103 -



100 

 
 

 
 
 
 

 
 
 
 
 
 

 
 

 
 

 
 

  
 
 

 
 
 
 

  
 
 
 
 

 
 

  
 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

  
 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

  
 
 

  
 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 

  
  

 
 

  
  

 
 

 
 

  
 
   

 
 
 
 

 
 

  
  

 
 

  
 
 

  
  

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 
 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

erent 

 
 

 
 

 
 
 
 

 
 

 
 
 
 

  
  

 
 

 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 

 
 
 
 

 
 

  
 
 

Ja: 

 
 

 
 

 
 

 
 

 
 
 
 
 
 

 
 

 
 

 
 

 
 

  
  

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

  
 
 

  
 
 

  
  

a we 

Frequency c 
 
 

 
 

  
  

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

   
 

 
 

 
 

 
 

 
   

  

 
 

 
 

mn 

 
 

 
 

.36) 
1 

 
 

 
 

- 
4 

i
e
 

te 
f
e
 
h
e
m
 

i 
ine 
a
 

rtp 
 
 

  
 
 

 
   
 
 

 
 

 
 

  
  

 
 

 
 

 
 

 
 

A 
ceen 

—, 
r
i
 
o
S
 

r 
fa 

DAY 
I: 

e
n
 

r
e
t
 

= 

A 
e
e
 

et 
eh 

ot 

a
y
 

a 
Ea 

E
l
 eed 

hen 
ik 

| 
 
 

 
 

 
 

  
 
   

  
 
 

 
 

  
  

  
  

                  

 
 

    
- 

104   
 
     -20  



 
 

 
 

  
 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 
 
 

 
 
 
 

  
 
 
 
 

 
 
 
 

 
 
 
 

 
 

  
 
 
 
 

 
 

 
 
 
 

 
 

 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 
 
 

 
 

  
 
 

 
 

 
 

 
 
 
 

 
 

  
 
 

  
  

 
 

 
 

  
 
 

 
 

 
 
 
 

 
 

 
 

  
 
   

 
 

 
 
 
 
 
   

 
 
 
 

 
 

 
 

 
 

 
 
 
 

  
 
 
 
 

 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 
 
 

 
 
 
 

  

 
 

 
 

   

=e 
e
e
t
 j 

  

     

 
 

  
 
 

 
 

  

 
 

  
 
 

 
 

 
 

  
 
 
 
 

  
  

 
 

 
 

 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

  
 
 
 
 

 
 

 
 

 
 

  
 
 

A
O
A
 

 
 

 
 

e
S
 
F
j
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

  
    

  
 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

  
 
 
 
 

  
 
 

  
 
 

  
  

 
 

  
  

    
    

         
 

    
 
   

liod . 

dB 

 



 
 

 
 

  
 
 

 
 

 
 

  
   
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

  
  
 
 

 
 
 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

  
 
 

 
 

  
 
 

  
 
 

 
 

 
 
 
 

  
 
 

 
 

 
 

 
 
 
 

 
 

 
 

  
 
 

 
 

 
 

  
 
 

 
 

  
 
 

 
 

 
 

  
 
 

 
 
 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
  
 
 

 
 

Frequency c/s 
nN 

 
 

  
  

  
 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
   

 
 

 
 

  
 
 

  
 
 

  
 
     

  
  

  
  

 
 

 
 
 
  



 
 

 
 
 
 

 
 
 
 
 
 

 
 

 
 
 
 

  
 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
   

  
 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 
 
 
 
 

 
 

e
e
 

SS 
 
 

 
 

: 
= 

=
 

 
 
 
 

 
 

 
 

 
 

 
 

  

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

  
 
 

 
 

 
 
 
 

 
 

 
 

 
 
 
 

 
 

 
 

  
 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 

  
 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 
 
   
 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

  
  

  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

  
 
 

 
 

 
 

  
  

/s 
w 

Frequency c 

 
 
 
 

 
 

  
 
 

 
 

 
 

 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
   

 
 

IG. (4.39) 

 
 

 
 
 
 

 
 

ttt 

 
 

F 

 
 

 
 

1 
| 

 
 

 
 

4 

 
 

134 nth 

 
 

 
 
 
 

  

 
  
 

 
 

  

couek 

  
 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

      
 
 

 
 

 
 

  
  
 
 

    
 
   

 
 

   



 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 
 
 

  
  
 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

  
  

  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

 
 

 
 
 
 

 
 

  
 
 

 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

 
 
 
 

  
 
 
 
 

 
 

 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 

 
 

 
 

  
 
 

 
 

 
 

  
  

 
 

  
 
 

 
 

  
 
 

  
 
 

 
   
 
 

 
 
 
 

 
 

 
 

 
 

 
 

  
 
 
 
 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
  
 
 

 
 

 
 

 
 

  
  
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 
 

  
 
 

      
    

  
  

  
  

 
 

 



  

  

» 

the smaller is taken as the most appropriate value, 

since the phase angle then never exceeds misor; 

With this value of T3 the combined response curves 

at operating point X are shown on Fig.(4.41) and 

at operating point Y on Fig.(4.42). 

The response of Fig.(4.42) is transferred to the 

Nichols Chart on Fig.(4.43) as Curve (1). The 

effect of an increase in the signal amplitude on 

the response of the variable gain network is seen 

in Curves (2) and (3). The zero frequency gain has 

been set to 6 dB, this being about the maximum 

allowable in the interests of keeping the locus 

clear of the critical point. 

With the same compensating adjustments the response 

at operating point W, from Fig.(4.40), gives the 

results shown on Fig.(4.44). The locus moves into 

the undesired region and would indicate that more 

phase advance is required at about 0.6 Hz. However 

an increased phase advance will be accompanied by 

an increase in gain at the higher frequencies. This 

will be detrimental to the conditions of Fig.(4.43), 

necessitating a reduction of the zero frequency 

gain. Tt was therefore decided not to make any 

further adjustment. 

The conditions at operating point Y lead to the 

locus shown on Fig.(4.45), using the results of 

Fig. (4.42). At the low: frequencies involved the 

change in the response of the variable gain network 

with signal amplitude has negligible effect. This 

locus also passes into the undesired region but 

qe
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again any adjustment designed to correct this would 

adversely affect the conditions at points X and Y. 

The set of conditions arrived at is judged to be 

a reasonable compromise in gain and phase compensation 

over all the operating region. In terms of 

equation (4.42) the compensating network response 

is defined by the parameters, 

fT = 0.213 8 

2= 0.5 
‘ 

To = 0.4 8 ogee 
Fe Pet 

Ko = 6 dB = 2 

It remains to design the network to realise these 

values. Identifying the equation (4.42) with 

equation (4.43) we calculate the time constants of 

the network, 

7, = 2 27 = 0.213 s i 

2 = 0.213 s 
T) Oley Seg arte 7) 

Ay = To = 0.4 s 

The constant A of the network is defined by the 

zero frequency gain requirement as follows. From 

Fig.(4.24) we get the zero frequency gain of the 

variable gain network as, 

  

y Y. £0) 
(0) = 3. Ps pcb dais ta vas 14348) 

Ve k Yo(0) 
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where ¥,(0) and Yo(0) are the values of the 
transfer admittances at zero frequency and 

k = 4 Ew, With the appropriate values substituted 

this then gives, 

  

V R 
—2(0) = 2 photoes cceVews pe% 4.00 GeeeoD 

Ve Au Ew 

The block diagram of Fig.(4.31) shows the zero 

frequency value of the open loop gain to be, 

  

he ok 1 

Kaige OO) 2 Sis iri beceiss eee 

Ve AL Ew 

It is sufficient to set the gain at one point in 

the operating region as it has been shown that the 

variable gain network will hold the loop gain 

constant over the whole operating region. Taking 

for analysis the conditions at operating point X, a 

we have 'w, = 1500 r.p.m.. and v = 1.0, The voltage 

Ew fed forward when w._ = 1500 is found from 

Fig.(4.23) as 13.8 volt. Equation (4.20) gives the 

value of R, as 10.87 k& when ee = 1.0. The response 

of the hydraulic system at operating point X is 

seen on Fig.(4.10), where the zero frequency gain 

gives the value of K Ic, as 17.6 4B or 7.5. We 

require to set Ko in equation (4550) to 6 dB or 

2.0 by a choice of the constant A. On solving for 

  
A we get, 

Ri Kik 
Ac = Oe ee wea hee ea we 

Ko UY Ew 

  

With the potentiometer ratio uw defined as 0.523 and 

the values of the other parameters arrived at above, 

this leads to A = 5.6 k®&. 
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This value of A, together with the time constant 

values given in equations (4.47) determines the 

component values in the compensating network. 

Solution of equations (4.45) gives, 

R 

2033: eF 

3.75 k& R 
2 

C 215 yF C 
1 2 

The nearest preferred values to these results are, 

“R 3.6 k& Ry = 22 k& a 

C 1 = 200 pF C, = 20 uF 

Electrolytic capacitors may be used for CL and Cy 

if the circuit is arranged as shown in Pig.(4.46),: 

The reference input is connected after the 

compensating network so that the voltage applied to 

the network is Vw and this cannot reverse polarity. 

The response of the system to a change of the 

‘reference will be different from that implied 

by the block diagram of Fig.(4.31) but this is 

not important as the reference is fixed for a 

given output speed setting. 

A further refinement of the compensating network 

is necessary. The voltage Vw is derived from the 

rectified output of an a.c. tachometer generator 

coupled to the loading generator. This signal 

contains ripple components at 100 Hz and higher 

harmonics. The large shunt capacitor Cos provides 

a low impedance path to the ripple current in Vw. 
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As the linear range of the pump cam control 

amplifier is £2uA the ripple current must be 

kept below this level. If this is not done the 

amplifier will be driven between the saturation 

limits at high frequency and its average gain will 

be low. The accuracy of the setting of the pump 

stroke will then be reduced. 

If the smoothing filter following the rectifier 

is designed to give adequate attenuation of the 

ripple in Vw, the lag introduced by the filter 

in the speed control loop is significant. It is 

better to limit the ripple current in the 

compensating network. A resistor added in series 

with Cy would do thie, by setting a maximum limit 

to the transfer admittance. However the value of 

resistance necessary is large enough to affect 

the transfer admittance within the frequency range’ 

of the speed control loop. It is therefore preferable 

to use a choke in series with C5 as shown on 

Fig.(4.46). A choke of inductance 2.1 H and 

resistance 120°2 was found to be satisfactory. This 

has an impedance of 1.3 k& at 100 Hz. It is 

resonant with Co at 25 Hz, sufficiently above the 

frequency range of interest in the speed control 

loop for its effect to be ignored. 
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4.11 OVERALL CHARACTERISTICS OF THE SPEED CONTROL SYSTEM. 

It is now possible to assess the combined performance 

of the feedforward and feedback sections of the 

system. The features which are of interest in making 

this assessment concern the ability of the system to 

maintain a constant motor speed. There are three 

variables to be considered; the pump speed, the motor 

stroke and the transmitted load. In reviewing the 

effects of these variables in Section (4.4.2) it 

was revealed that the pump speed and motor stroke 

changes produce the greatest demand for control action. 

In the control system evolved here these variations 

are compensated by the feedforward arrangement. The 

feedforward action is capable of giving a rapid 

adjustment of the pump stroke, in contrast with the 

feedback action which responds more slowly due to the 

high inertia of the load. A particular advantage of 

this arrangement is that the largest demand for control 

action is placed on the section of the system having 

the fastest response. 

In addition to having a slow response, the feedback loop 

is limited to a low gain. This is chiefly due to the 

adverse effect of the non-linear characteristics of 

the pump stroke control mechanism. The compensating 

effect of the feedback loop is therefore not great. 

However it provides a measure of compensation for the 

effects of load on the transmission and gives a 

monitoring action on the performance of the feedforward 

system. Some of the residual interaction ,due to the 
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imperfections in the feedforward system, ,is then 

removed. 

These overall effects were assessed in tests conducted 

on the complete system. The deviation of the motor 

speed was measured as a result of sinusoidal disturbances 

applied to each of the three variables. 

4.11.1 PUMP SPEED VARIATIONS. 

A controlled oscillation of the pump speed was 

obtained by applying a sinusoidal voltage to 

the external input of the drive motor speed control 

system. The results plotted on Fig.(4.47) show 

the magnitude (curves m, and My) and the phase 

(curves ay and ay) of the output speed oscillation. 

The zero aB reference level is taken as the 

amplitude of the pump speed oscillation, then 

without any control action the response would be 

at zero dB level. Results are obtained with the 

motor stroke at the maximum value and also at 

half stroke, In each case the amplitude of the 

pump speed oscillation was 7.5% peak, The accuracy 

of the results is not high as the output speed 

oscillation was of such small amplitude. 

The indications are that the control syatem is 

effective in reducing the output speed variations 

to a small amplitude. The form of the response 

curves is the result chiefly of the feedforward 

control action. The output speed changes arise 

from the incomplete cancellation of the interaction 

between the pump speed and the motor speed. The 

precise nature of this effect is difficult to 
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assess theoretically in view of the fact that 

the variable gain network is non-linear and the 

remaining interaction is small. It is to be 

expected however that a further study of the 

dynamical effects in the feedforward system could 

lead to an improved design. This would involve 

placing a compensating network in the feedforward 

transfer path with a view to minimising the 

interaction over a wide frequency rangee The system 

in its present form is adequate for the project 

in hand and this refinement is left for study 

elsewhere. 

4.11.2 TRANSMITTED. LOAD VARIATIONS. 

The system was tested with a sinusoidal oscillation 

of load torque. This is obtained by changing the 

armature current in the loading generator using 

the current control system described in Section (2.2) 

of the Appendix. : 

The change of load speed produced by this stimulus 

wags measured. A comparison was made between the 

response without the speed control feedback loop 

and that with the loop connected. In these tests 

the torque oscillation was superimposed on a 

steady load sufficient to prevent reversal of the 

load torque. 

The response with the system under speed control is 

shown on Fig.(4.48), at maximum motor stroke and 

half full stroke. Zero dB on the magnitude scale is 

taken as 1% speed variation about the nominal speed 

of 750 r.p.m.. The results are consistent with 
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what would be expected. The resonant characteristic 

is again present due to the combination of the 

compliance of the hydraulic circuit and the load 

inertia. The progressive increase in attenuation 

of the disturbance at high frequencies is due 

to the high load inertia. 

The corresponding results when the feedback loop 

was disconnected have not been plotted separately. 

It is more informative to plot the ratio of speed 

variation with control to the speed variation 

without control. These results are shown on 

Fig.(4.49). It is this ratio which forms the basis 

of the design analysis of the speed control feedback 

system in Section (4.10). The results measured here 

are consistent with what would be expected from 

Fig.(4.43) which gives the theoretical response 

at maximum motor stroke. The corresponding results f 

at half stroke were presented on Fig.(4.44). The 

precise comparison of the measured results and the 

theoretical response is very difficult to make, 

due to the non-linear characteristics of the system. 

The overall effect of the speed control feedback loop 

is to reduce the variations of load speed by 9.5 dB 

in the steady state i.e. to one third of the value 

without control. This is consistent with the 

design based on a loop gain of 6 dB. When the 

frequency is raised the modulus ratio curves m, 

and Ms show a progressive rise up to the zero dB 

level. At zero dB the speed control loop has no. 

effect, This means that when the motor is at full 
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stroke there is no effective control action above 

about 1 Hz. At half stroke the bandwidth of 

effective control falls to about 0.5 Hz and infact 

at higher frequencies the control action increases 

the effect of the torque oscillation. This is 

one of the consequences of the difficult compromise 

which has to be made in the design of the speed 

control loop, due to the wide variation in the 

response over the range of operating conditions. 

4.11.3 MOTOR STROKE VARIATIONS. 

The response to a sinusoidal oscillation of the 

motor stroke was investigated. To do this it was 

necessary to control the motor stroke setting 

using a position control feedback system. The 

ultimate arrangements for controlling the motor 

stroke involve using an a.c. servo integrator as 

part of the optimising control system. The detailed 

arrangements for this are described in Section (7.2). 

In this syetem the motor stroke is set by a 

feedback control loop which causes the servo piston 

+o follow the rotation of the integrator. The output 

shaft of the integrator is also used to drive a 

potentiometer which operates as a feedforward element 

in the variable gain network. It is therefore 

important that the changes of motor stroke be 

‘produced by working through the servo integrator. 

Arrangements are made to control the position of 

the servo integrator by feedback from the output 

shaft. The oscillation of the motor stroke is then 

induced by an external input to this position 

control loop. As the control loop is a 50 Hz a.c. 

carrier system the input must be in the form of 
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a sinusoid with suppressed carrier modulation at 

50 Hz. This signal was generated by means of a 

wave form generator ai A variable phase output 

from the same waveform generator was used to 

make a phase measurement of the system response. 

It is necessary first to obtain the response 

characteristics relating the motor stroke to the 

input signal. The curves plotted on Fig.(4.50) 

as m,, m and M3 show the magnitude of the 
a 

response ratio for three values of signal 

amplitude. The corresponding phase curves are 

given as Bays a and 36 

Following this the response of motor speed to 

the stroke oscillation was measured ,using the 

results of Fig.(4.50) to correct the ovarall 

response measurements. : 

It was evident that /change of motor speed was 

negligible when the mean motor stroke was near 

maximum and the load on the transmission was 

gmall. This confirms the success of the feedforward 

control action. As the mean motor stroke is 

reduced or the load increased the stroke oscillation 

gives rise to changes of motdr speed. This is shown 

in the results plotted on Fig.(4.51). In each case 

shown the amplitude of the test oscillation was the 

* Test Waveform Generator Type TWG. 200 

Feedback Ltd. 
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same at 12.5% peak. The curve (A) gives the 

magnitude of the response when the mean motor 

stroke is near full stroke and the load is 

raised to the maximum tolerable. The load is 

limited here by the pressure in the hydraulic 

circuit, which was not allowed to exceed 3000 p.sg.i.. 

Curves (B) and (C) relate to conditions when the 

mean motor stroke is small, the change from (B) to 

(C) is the result of increasing the load to the 

maximum limit. The magnitude scale against which 

these curves are plotted is set to zero dB when 

the amplitude of the motor speed oscillation is 

1% of the nominal 750 r.p.m.. 

The form of these response curves shows that the 

interaction at low frequencies is small as is to 

be expected in that the feedforward system has 

been designed to give a high steady state accuracy. a 
The ak which is é6erelone: the resvonse at 

peak WW: 8: GG 2 LOPS i in VERS e Ae 

the higher frequencies is due to the A OE, 

interaction remaining. In this respect the 

response could be improved by further attention 

to compensation of the transmission characteristics 

in the feedforward system. 

  
4,12 CONCLUSIONS ON THE DESIGN OF THE TEST RIG. 

In this section an outline has been given of the work 

undertaken in the design of a comprehensive test rig, 

as a basis for the study of the optimising control 

problem. The main problem which has been solved is that 

of’ the regulation of the output speed of the 
transmission. This has necessitated the use of a 
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combination of feedforward and feedback transfer paths. 
It has been shown in particular that the use of the 
feedforward arrangement gives substantial improvements 
over what can be achieved by feedback control alone. 
To exploit the advantage of this arrangement to the 
full it has been necessary to design a non-linear 

feedforward system. This reduces the interacting effect 
of the pump speéd and motor stroke changes on the 

motor speed. 

The feedback control loop adds further refinement to 

the performance achieved with the feedforward system. 

The design of this control loop is complicated by the 

wide variation in the open loop response over the 

range of operating conditions. The dynamical response 

of the hydraulic system is variable as also is that of 

the feedforward system. A significant non-linearity 

is present too,in the mechanism controlling the pump 

stroke. The design of this control loop has been 

facilitated by developing a new way of using a Nichols 

Chart,in the analysis of the effect of output disturbances | 

on a regulator system. 

The design of the system has been carried to a point 

where the performance is adequate for the further study 

of optimising control. But a number of features have 
been shown to be worthy of further investigation. 

In particular the feedforward system may be improved. 
This would involve improvements in the form of non- 

linear transfer characteristic to be used and also 
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the investigation of the dynamical effects. In this 

way the steady state and transient interaction, 

affecting the motor speed,could be reduced still 

further. 

5, CHOICE OF OPTIMISING SYSTEM. 

The forms of extremum control system which have been 

described in the literature were reviewed in 

Section (2). There is apparently a wide variety of 

techniques available and the problem in this case was 

first to select the form of system most appropriate 

to the case in hand. In making this choice it was ; 

felt to be a particular requirement that the resulting 

system should be as simple in construction as possible. 

The capital value of the hydraulic transmission 

equipment which it is usual +o find is not large. In 

such cases the saving, in financial terms, which an 

optimising ‘system might yield is small. To this extent / 

it is unreasonable to consider a large capital 

investment in the optimising system. It is, for 

instance, unreasonable to consider using an on-line 

digital computer as the optimising controller. 

The extent of measurement noise in the performance 

signal is a major factor affecting the operation of. 

any optimising system. In this case the noise level 

was low and it was therefore possible to consider 

using systems which are capable of rapid adaptation, 

although susceptible to noise.



  
  

It was decided that those systems which call for 

step changes in the controlled variable would not 

be acceptable. A step change of the motor stroke 

would impose too great a disturbance on the 

transmission system. We require to keeyy bandwidth 

of the frequency spectrum of adjustments in the 

controlled variable as small as possible to avoid this. 

In view of these observations, two forms of system 

_ were chosen for an initial study. These were a 

peak-holding system and a system with periodic 

perturbation. 

Peak-holding System.‘ 1°) 

An outline of this form of system is given on 

Fig.(5.1). The controlled variable ¥ is adjusted at 

constant rate by means of an integrator with a 

fixed input. As the performance measure Z passes 

through a maximum, the maximum value is retained in 

the peak clamp unit. Thereafter the output of the 

peak clamp is the difference between the peak value 

and the current value of Z. When the current value 

falls an amount 6 below the peak value an amplitude 

discriminator is triggered. This then causes 4 

bistable circuit to reverse the direction of travel 

of. the controlled variable and resets.the peak clamp. 

Constraints which limit the range of movement of the 

controlled variable would also have the same effect. 

The system enters a limit cycle, oscillating about 

the peak value in the steady state. The motion of 

this type of system has been analysed by Morosanov 
11) | 
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(5) : 
Periodic Perturbation System 

The system is outlined in Fig.(5.2) in the form 

usually advocated. A sinusoidal perturbation is 

applied to the controlled variable and the same 

signal is used, with phase correction, to demodulate 

the variations in the performance measure. The 

demodulator takes the form of a multiplier. The resulting 

mean value of the signal from the multiplier then 

drives the controlled variable through an integrator. 

Consideration must also be given to applying constraints 

by interrupting the optimising loop. 

In order to make an assessment of these two types of 

system it is necessary first to have an insight into 

the performance characteristics of the system to be 

optimised. The detailed form of these characteristics 

is reviewed in Section (6),from whith the major 

results may be summarised as follows. 

In the transmission system the factors which give rise 

to a change of efficiency are the load torque, the 

input speed and the fluid viscosity change with 

temperature. These three factors together define the 

operating conditions. The relative importance of each 

in determining the efficiency is significant. Fluid 

viscosity changes slowly,as the temperature can only 

change slowly,and the effect on the efficiency is 

comparatively slight. The influence of the load torque 

and the input speed on efficiency is more significant, 

and on the whole the load torque is more important 

than the input speed. Furthermore the load torque and 
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the input speed will change in a manner determined by 

the situation in which the transmission system is 

employed. Normally they will fluctuate comparatively 

rapidly. The most significant factor defining the 

operating conditions is therefore the load torque. 

The motor stroke is to be adjusted as the controlled 

variable. To study its effects we make reference to 

the performance curves. These show how the efficiency 

varies with the motor stroke under different operating 

conditions. The measurements on the performance curves 

show that they exhibit a comparatively shallow maximum; 

the change of efficiency on either side of the peak is 

small, inrelation to the changes produced by the 

operating conditions. On the basis of this it was 

concluded that the perturbation system would be 

preferable to the peak-holding system. The chief 

reason for this is that the amplitude of the limit 

cycle developed in the peak-holding system is not well 

defined when the performance curve has a shallow 

maximum. The system may execute large oscillations 

unless the point of reversal is brought close to 

the peak value. This leaves the system very sensitive 

to noise. On the other hand, with the perturbation 

system the oscillations imposed have a well defined 

amplitude. This system is potentially less affected: 

by noise. Chiefly this/because by slowing down the 

control action the estimate of the slope of the 

performance curve is improved. In contrast the peak~ 

holding system is not improved by slowing down the 
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control action, infact the operation will deteriorate. 

Its sensitivity to noise can be reduced by increasing 

the distance below the maximum at which reversals are 

made. But this in turn increases the amplitude of the 

oscillation in the limit cycle. 

The overall assessment of the two systems is as follows. 

The peak-holding system offers a means of making rapid 

progress towards the optimum point but its behaviour ©’ 

will be erratic unless the maximum is well defined and 

the noise level low. The rate of progress made by 

the perturbation system is basically slower, but it 

is possible to trade speed for more consistent performance, 

While offering these advantages in principle, the 

perturbation system does lead to complications in the 

design of the equipment needed to put it into effect. 

In this case it was found to be possible to simplify the 

basic form of system and thereby overcome this LP 

difficulty.



  

6. DESIGN OF THE OPTIMISING SYSTEM. 
7 

is 

Following the argument outlined in Section (5), 

detailed consideration was given to the design of 

a system using a periodic perturbation. In this 

section a number of modifications to the basic 

arrangement are dev en These modifications 

exploit the particular circumstances of the 

system under consideration. 

6.1 MEASUREMENT OF THE PERFORMANCE CURVES. 

The performance curves show how the controlled 

variable, the motor stroke, influences the 

efficiency as a performance measure. The motor 

stroke was adjusted in this case by an electro- 

mechanical integrator, details of which are given 

in Section (7.2). It was therefore convenient to 

take the stroke measurement from a potentiometer 

driven by the integrator. Similarly the efficiency 

.measurement was obtained using an electro-mechanical’ 

vides a measurement in tne ° servo which also pr 

form of a potentiometer rotation. Details of the 

efficiency measuring servo are given in Section C5) 

of the Appe-cix. In this event the voltage signals 

from the potentiometers were recorded on an A-Y 

plotter to obtain the performance curves. The 

stroke setting integrator was switched into a 

position controlled mode so that the required 

values of stroke could be set up. 

& set of performan ce curves was- plotted to show 

how the characteristics varied with load and 

é Gib with the input spe tempt was also made 

  

 



  

to establish the effect of a change in the temperature 

of the hydraulic fluid. 

The load torque on the transmission was controlled 

by setting the current in the armature of the loading 

generator. The current control circuit was used to 

do this. A test was first conducted to ensure that 

the armature current could be used as a reliable 

measure of the torque. The generator flux was set 

constant by running the machine with a constant 

generated e.m.f. of 200 volt at the controlled speed 

of 750 r.p.m.. A calibration curve is shown on 

Fig.(6.1). This plots the unbalanced voltage of the 

motor torque measuring bridge against the armature 

current. In all further tests the lead is specified 

in terms of the armature current. 

The results of these measurements, giving the 

performance curves, are shown on Fig.(6.2) to 

Fig.(6.5). The curves of Fig.(6.2) are taken with i 

different values of load torque with the input speed 

held constant at 1000 r.p.m.. The hydraulic fluid in 

this case was at working temperature. The result of 

raising the input speed to 1500 r.p.m. is shown in 

Fig.(6.3), the other conditions remaining the same. 

A repetition of these tests with the hydraulic fluid 

cold, gave the results shown on Fig.(6.4) and 

Fig.(6.5). The variation in the performance curves 

with the fluid temperature is small in this case. This 

is due chiefly to the fact that’ the temperature rise 

was restricted to between 10°and 20° C0. The tendency 

is for the point of maximum efficiency to move 

towards a larger stroke setting as the fluid temperature 

rises, This is due to the reduction of the fluid 
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viscosity which increases the leakage loss and 

reduces the loss in the pressure drop due to the flow, 

The level of the efficiency curves also falls as the 

viscosity is reduced. In other respects the efficiency 

varies in a manner which is consistent with the 

theoretical analysis of Section (3). It is notable 

however that while a maximum efficiency point is 

apparent the peak in the curves is poorly defined. 

A further feature of these measurements,which is of 

considerable bearing on the design of the optimising 

system, is the noise present in the efficiency signal. 

The extent of this is evident from Fig.(6.6), where 

the efficiency measure has been recorded against time. 

The random fluctuations seen here appear to originate 

in the transmission system and may be due to aeration 

of the fluid. It is significant that the amplitude 

of the fluctuations is small. However this noise may 

have a considerable influence on the optimising 

system, particularly as the change of the efficiency 

over the range of motor stroke adjustment is also 

small. A peak-holding system would be particularly 

affected in this respect. 

It should be noted that in this work a distinction is 

drawn between the measurement noise and the fluctuations 

in the performance measure due to the change of the 

operating conditions. Some authors have used the term 

‘measurement noise' to include all sources. of 

fluctuation in the performance measure. This is because 

in some respects the effect on the optimising system is 

as if all the sources were combined together. In this 

case the term will be restricted to include only the 
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spontaneous changes seen in Fig.(6.6). The point of 

distinction is then that the measurement noise is not 

correlated with any movement of the optimum setting 

of the controlled variable. On the other hand the 

fluctuations which accompany the changes of the 

operating conditions are directly correlated with 

the movement of the optimum position. Use is made of 

this in Section (6.8) where it is shown that, in view 

of the correlation, the design of the optimising 

system can be optimised. 

6.2 REQUIREMENTS OF THE PERTURBATION SIGNAL. 

In the general form of periodic perturbation system 

outlined in Section (5) a sinusoidal perturbation 

wave-form was envisaged. The effect of applying such 

changes to the motor stroke was investigated in 

Section (4.11.3). The objective was then to test the 

feedforward control system which regulates the out put 

speed. It is clear from these results that the 

frequency and amplitude of the perturbation must be 

restricted if errors in the speed control system are 

to be avoided. 

As far as the effect of the perturbation on the speed 

control system is concerned a sinusoidal wave-form is 

most favourable. This gives a smooth change of stroke 

which imposes a disturbance of minimun frequency 

bandwidth on the system. However it has been recognised 

that considerable simplifications may be made to the 

optimising system when a square wave-form is used. 

The disadvantage of the square wave form in this case 

is that it would develop substantial transients in the 

~ AS. 

 



  

speed control loop. For this reason step changes of 

motor stroke are not acceptable. 

As a compromise between the two extremes it was 

decided to use a triangular wave-form. The advantage of 

this is that it can lead to a simplification of the 

optimising system and at the same time the discontinuity 

at the points of reversal is acceptably small. The 

wave form is generated by applying a two-state signal 

to the input of the control integrator. Thus a square 

wave perturbation is used but it is introduced before 

the integrator rather than following it as implied 

in Fig, (5.2): 

The response of the efficiency measure to the triangular 

perturbation was investigated to determine the maximum 

rate of change of the motor stroke which could be used. 

It was apparent that if the rate of adjustment of the 

motor stroke was too great the efficiency measure was 

not the same when the stroke was increasing as when . 

it was decreasing. The form of the figures obtained by 

continuously recording the efficiency against the 

stroke over one cycle is shown on Fig.(6.7). The three 

curves plotted here differ only in the rate of | 

traverse, the time for each cycle is the same in 

each case. The significant feature of the figures is 

that the efficiency measure is higher as the stroke is 

decreasing i.e. the loop is traversed in an 

anticlockwise direction. This implies that the effect 

is due to an advance in the phase of the efficiency 

measure which is somewhat unexpected. If it had been 

due, for instance, to the lag in the efficiency 

- 150 - 

 



  
 
 

  
  

  
  

=
 

-
 

=
 

-
~
 

<
s
 

| 
i) 

a 
oO 

eo 
© 

| 
“a 

e
d
 

n
y
 

N
a
s
 

ah ca
d
 

oe 
fq 
rd 2 

at 
G4 

Ee 
. 

\ 
q 

n
 

\ 

A
O
N
H
 
T
O
T
A
A
L
 

DATTR 
VWLOUAL TO STE TA 

ws 

MZ uency O.1 g * fre Perturbation 

+ eS } ela ode ee



  

  

measuring servo system,the loop would have been 

traversed in the opposite direction. 

The explanation of this effect must be sought in 

the reaction of the transmission system. When the 

motor stroke is changing the speed control system 

makes .a compensating change in the pump stroke. This 

is largely brought about by the feedforward control 

action. If the motor stroke is decreasing the lag in 

the feedforward system would cause the output speed 

to rise temporarily. The effect of the rise in speed 

is to increase the load torque due to the effort 

needed to accelerate the generator armature. The 

efficiency of the transmission system is considerably 

affected by the load torque and an increase in the 

load increases the efficiency. The result of 

decreasing the motor stroke is therefore to increase 

the efficiency measure and this gives rise to the - 

effect shown on Fig.(6.7). Because of the high moment 

of inertia of the generator armature the change of 

speed required to produce the effect is small. 

This effect must be taken into account in the design 

of the optimising system. The situation is complicated 

by the fact that the extent of the effect varies with 

the point about which the oscillation is executed. This 

is apparent from the results shown on Fig.(6,.8) where 

the perturbation is applied at different operating 

points. The efficiency variations are more pronounced 

at low stroke settings. In essence this means that 
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the phase shift is a function of the stroke setting 

and complete phase compensation,in the optimising 

system,cannot be achieved over the whole operating 

range. The only solution in this case is to reduce the 

rate of traverse to a value at which the effect is 
unimportant. It was found that this requires that the 

rate of change of stroke should not exceed 1% per 

second. A perturbation of amplitude 2.5% would then 
have a period of 10 seconds. 

The limiting feature in the choice of the form of 

perturbation is thus the performance of the speed 

regulating system. The limitation is imposed by the 

need to obtain a satisfactory efficiency measure 

rather than by requirements for close speed regulation. 

A small change of speed is sufficient to make 

considerable difference to the efficiency measure. 

MULTIPLIER —- DEMODULATOR. 

The multiplier in Fig.(5.2) acts in effect as a 

phase sensitive demodulator. It is required to give 

a positive d.c. component in its output signal when 

the performance measure changes in phase with the 

perturbation. When the performance measure changes 

appear in antiphase with the perturbation the d.c. 

component must be negative. 

The complexity of analogue multipliers has lead some 

authors to suggest using a two-state perturbation 

instead of a sinusoidal wave-form, ‘8) The multiplier 

may then be reduced to a switch which changes state 

=, 164cm 

 



  

  

with the perturbation as shown in Fig.(6.9). In this 

case it has been decided that a two-state perturbation 

is not acceptable so that the simplified form is not 

immediately applicable. However,a development of this 

arrangement has been devised in order to retain the 

simplicity of a two-state multiplier. 

In order to see how this is possible it is necessary 

first to recognise the role of this element as a 

phase sensitive demodulator, rather than as a multiplier. 

The demodulating action may then be obtained as shown 

by the wave-forms of Fig.(6.10). The perturbation 

wave-form is shown as (b) and results from applying 

the two-state signal (a) to the input of the control 

integrator. When the slope of the performance curve 

is positive, the changes of efficiency would follow 

as shown in (ce), about @ mean value ant If the slope 

of the performance curve is negative the oscillation 

in Z would be in antiphase. The wave-form (c) is 

demodulated by first removing the mean value component. 

The remaining signal is then applied to two amplifiers 

of gain +K and -K as in Fig.(6.9). A switch selecting 

the output of the amplifiers is controlled by the 

two-state signal (d) and the resulting output wave-form 

becomes as shown in (e). The final wave-form has a 

positive mean value, corresponding to a positive slope 

in the performance curve. If the peak value of the 

stroke perturbation ‘3 and the slope of the 

performance curve is g, the mean value of wave-form 

{e) is given vy SE ta, When the values of Ve and K 

are constant the mean value is proportional to the 

slope g and of corresponding sign. 

It will now be evident that the form of demodulator 
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envisaged here has the same simple construction as the 

multiplier of Fig.(6.9). It differs in that the (c) 
wave-form,controlling the switch,is 90° out of phase 

with the primary two-state signal (a). In this form 

the demodulator is different from what has previously 

been considered in the literature. 

At this stage it is also as well to emphasise that the 

mean value of the performance signal must be removed 

before demodulation. If this is not done the mean value 

of the wave-form at the output would ideally be the same, 

but the harmonic content would be very much greater. 

Large fluctuations in this signal will adversely affect 

the elements which follow in the optimising control 

Loop. 

6.4 FILTERING REQUIREMENTS, 

In the basic system,shown as Fig.(5.2),a band-pass 

filter is proposed to filter the performance signal 

before demodulation. This serves to remove the mean 

value of the signal on the low frequency side of the 

pass band. The attenuation on the high frequency side 

has the advantage of reducing the effect of measurement 

noise. It is proposed in this case to use a perturbation 

with a fundamental frequency of 0.1 Hz and there is 

considerable practical difficulty in designing a 

filter with such a low centre frequency. As the measurement 

noise is small in this case a high pass filter could be 

considered adequate but this does not present a practicable 

solution either. To avoid the difficulty a samp lng 

filter has been devised. 
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In principle the sampling filter operates as a high- 

pass element and is designed to remove the mean value 

component of the performance signal. The arrangement 

4s outlined in Fig.(6.11). On closure of the sampling 

switch the zero-order—hold retains the value of Z at 

the sampling instant and holds 4 constant at this 

value. Subsequent changes in 4 then appear at the 

output. The closure of the sampling switch is 

synchronised with the perturbation wave-form. 

The instant in the cycle of the perturbation at which 

a is set, is open to choice and we may also consider 

setting the value more than once in the cycle. In this 

we must have regard. for the effect of the demodulator 

which follows the sampling filter. The overall 

requirement is then seen to ve that the wave-form of 

variations in Z should contribute zero mean value 

at the output of the demodulator. A further factor is 

that when the efficiency is changing, due to a 

progressive change in the operating conditions, the 

value of Zy should follow the mean value as rapidly 

as possible, Failure to track the mean value rapidly 

will lead to large fluctuations in the output of 

the demodulator. 

The performance of the filter may be assessed 

analytically as follows. The overall transmission 

characteristics are studied, firstly in response to 

the changes in Z due to the operating conditions and 

secondly in transmission of the perturbation 

components. 
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The transfer function of the sampling filter is 

developed by applying the principles of analysis of 
15) sampled-data systems « Taking the interval between 

samples to be \ in this case, we can write the transfer ; oe 
a Le Be 

function of the zero-order hold as ( —=— ). 

When the performance signal Z has Laplace Transform 
* 

Z(s), the sampled signal Z has the transforn, 

Z'(s) => a Z(s + jnwy) ..eeeeeeess-( 6.1) 

= = OO 

where w, is the sampling frequency on/r vad/sec. 

The transform of the continuous signal 4 is then 

oo 
dee eek i 3 

Zo(s) = ( — oo ie Z(s + jnw,)>o-(6.2) 

N= —-c& 

The filter output is Z-2Z,, designated 4Z,and its 

transform becomes, 

co 

-sh 
AWs) = Xs) - (252°) 2 

  

> Xs 4 jnw,)>(6.3) 

= —-co 

The form of this response function can be simplified 

by concentrating on the frequency response. If Z isa 

cosine waveform of unit amplitude we may write 5 F30 

as the transform Z(s) and then, 

@ 
—S> 

1 Ll-€& A Ath see ey he Le oo te 
sz jw s seh = 10 + 0M, 
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The wave-form of AZ is found by inverse transformation 

of this expression. Sinusoidal components are then 

recognised at the fundamental frequency w, together 

with other components due to the modulating action 

of the sampler. 

The fundamental component is, 

1 an sw 
C 2#l- (———— ) Shaw sa ete ven Gi 

jwr 

which varies with wX\ as shown in Fig.(6.12). It is 

to be assumed that the fluctuations in Z due to the 

operating conditions will be of low frequency in 

comparison with the sampling frequency. Tnis implies 

a low value of wX. The results then show that the 

fundamental component of the output of tne filter is 

small and in this respect the filter acts as a high- 

pass riiter. 
Fillew 

The action of the sampling/is however rather different 

from that of a continous high-pass filter in that 

modulation components are also generated. These 

appear at frequencies (nw, = «) with n taking integer 

values over an infinite range. Each component has 

@ magnitude and phase given by, 

-j(nw. = wr 

  

L=—€& 0 
C.= ap E CES ea cee POC OROU 

S(nw. = wr 
° 

The modulus of this function varies with (a0, = w)r 

g.(6.13). From this iv is apparent 
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that when the frequency w is small compared with 6 

the modulation components are small in amplitude, 

The overall conclusion from these results is then 

that Wy Should be made large compared with the 

highest frequency of the components of the signal 2, 

Provided therefore that the changes in the performance 

measure result from slow changes in the operating 

conditions,the’ sampling filter will effectively 

reject the mean value and all the other low frequency 

components. Measurement noise in the performance 

Signal may well occupy a wider bandwidth than the 

fluctuations due to the operating conditions. The 

sampling filter can then be only partially successful 

in attenuation of the effect of measurement noise 

on the optimising control system. 

The effect of the sampling filter on the perturbation 

component in the performance signal is to be assessed _ 

in terms of the requirement that this signal component f 

should be passed without modification. When the 

sampling rate is set to take one sample per cycle 

of the perturbation, the fundamental frequency 

corresponds to w = Woe The transmission characteristic 

of the filter in this case are seen on Fig.(6.12) to 

offer no attenuation to the signal. The modulation 

components are also at the zero points of Pig.\G.i3), 

so that the fundamental component is transmitted 

without modification. When the perturbation wave-form 

is non-sinusoidal it will contain harmonics of the 

fundamental frequency. These will appear at frequencies 

 



  

  

which are simple multiples of Oo. Again it would 

appear that these frequency components are also 

transmitted faithfully. There is however a possibility 

of ambiguity in the mean value of the output waveforn, 

since one harmonic component, for which n = -l, 

appears at zero frequency. To keep the mean value 

at zero requires that the sampling point be phased 

to coincide with the mean point on the input 

wave-form. In the ideal case this is half way between 

the points of reversal of the perturbation. 

A sampling rate of one sample per cycle is the lowest 

rate which it is reasonable to consider. There may 

however be advantages in sampling at a higher rate. 

Certainly a higher sampling rate would enable the 

filter to compete with more rapid changes of the 

operating conditions, but the effect on the perturbation 

wave-form must also be taken into account. If two 

samples are taken in each cycle, the fundamental 

frequency of the perturbation wave-form is then half 

the sampling frequency ®,. Reference to Fig.(6.12) 

and Fig.(6.13) now shows that the wave form is 

modulated by the sampler. It is difficult to assess 

the effect of this modulating action from the frequency 

response curves and a better impression is gained by 

considering directly the wave-form of the output. 

This wave-form is shown in Fig.(6.14) for the case 

when the samples are taken at the points of reversal 

of the perturbation. Here the wave-form (a) shows 

the variation in Z which leads to an output wave-form 

(>), This shows the modulation due to sampling. It is 

useful to recognise that the wave-form (bd) may be 
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regarded as having two components (i) and (ii) as 

shown on (c). The square wave-form (i) is the result 

of sampling while (ii) is the true perturbation 

wave-form. To assess the effect of introducing the 

wave-form (i) the action of the demodulator must be 

taken into account. We require that this wave-form 

should not contribute to the mean value of the output 

of the demodulator, which should depend only on the 

wave-form (ii). 

The action of the demodulator is to reverse the 

polarity of the wave-form over half the cycle. Thus 

in order for the wave-form (i) to give zero mean it 

is necessary that the switching action take place mid 

way through each positive and negative excursion. We 

therefore conclude that when two samples are taken 

in each cycle they must be phased to coincide with 

the points of reversal of the perturbation. 

also be acceptable to take samples at the points x 

on wave-form (a). In this idealised case the wave- 

form (c)(i) would not appear. It must he remembered 

however that the wave-form (a) represents a situation 

in which the operating conditions are fixed and there 

is no measurement noise. When these effects are 

included it will no longer be true to expect the values 

at points x to be the same on successive half cycles. 

Any difference in these values would appear as a square 

| wave-form component in the output (bd) but in this 

case it would be in phase with the demodulator switch 

(a). There would then be a contribution to the mean 

value of the output of the demodulator. The conclusion 

At first sight it would also appear that it would 
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follows that the sampling switch must operate 90° 

out of phase with the demodulator switch when two 

samples are taken in each cycle. This ensures that 

the wave-forms produced as a result of sampling 

will contribute zero mean at the output of the 

demodulator over each separate cycle. For similar 

reasons it is also possible to conclude that two 

samples per cycle is the highest sampling frequency 

acceptable. 

It is not wholly advantageous to use two samples 

per cycle. With one sample per cycle it has been 

shown that the perturbation wave-form is passed 

through the sampling filter without modification. 

This leads to the minimum content of harmonic and 

modulation components in the output of the demodulator. 

On the other hand the filter does not reject the low 

frequency variations in Z as effectively as in the 

case of the higher sampling frequency. In this 

application it has been observed that the performance 

curves show a much smaller variation with the controlled 

variable than with the operating conditions. It is 

important therefore to ensure that the sampling filter 

is as effective as possible. For this reason the 

sampling rate of two samples per cycle was adopted. 

FURTHER CONSIDERATION OF THE OVERALL SYSTEM. 

A simplified view of the action of the overall 

optimising system has so far been taken. The system 

was outlined in Fig.(5.2). The action of the 

multiplier has been identified with that of a 

demodulator. It then operates to generate a mean 

value component proportional to the slope of the 
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-) of the performance curve,which is used to drive the 

controlled variable in the direction of maximum 

performance, 

This view is broadly adequate when the gain in the 

optimising loop is low. When the loop gain is high 

the fluctuations about the mean in the output of 

the multiplier will combine with the perturbation 

to produce substantial variations in the controlled 

variable. The complete wave-form of variations 

applied to the controlled variable may then be 

considerably different from what has so far been 

assumed. 

The inclusion of a. low-pass filter as shown in 

Fig.(5.2) is advocated in order to reduce this 

effect. However it does not immediately follow 

that this is advantageous to the operation of the 

complete system. In this case it was decided not 

to use a low-pass filter for three reasons. Firstly, 

because the perturbation frequency is necessarily 

low,the filter would place a substantial lag in the 

optimising control loop. Secondly the practical 

implementation of a filter with low cut-off 

frequency leads to difficulties. And thirdly the 

fluctuations in the output of the demodulator can 

contribute to the progress made towards the maximum 

performance. This latter feature is studied further 

in the following section. 
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6.6. PROGRESS IN ONE CYCLE. 

The diagram given on Fig.(6.15) shows an outline of 

the optimising system, incorporating the sampling 

filter and the demodulator as previously described. 

The perturbation applied to the input of the 

integrator takes values £ h under the control of the 

timing wave-form. The period of the timing wave-form 

is taken as© seconds. The demodulating switch and 

Sampling filter are also controlled from the same 

wave-forn. The transmission and the associated 

efficiency measuring system are shown as one unit. 

The motor stroke, acting as the controlled variable, 

is here designated ¥. The efficiency Z is also 

influenced by the disturbance Q, This is regarded 

as a generalised form of disturbance representing 

the change of operating conditions in the transmission. 

It will be assumed that the lag in Z following the 

changes in ¥ and Q is negligable at the slow rates 

of change which will be imposed. As ¥ and Q change 

we may imagine the corresponding values of Z to 

define a performance surface. It will then be 

assumed that at a given point the slope of the 

surface in each direction is given by, 

22 
oy = 8 
>2Z ees oie hi els Wes oot Oa 

59 =F 

We are now in a position to calculate the motion of 

the system as it attempts to make progress towards 

‘the maximum performance. It will be assumed that the 

Slope of the performance surface g is constant in 
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the operating region. In the first instance the 

motion will be investigated when the disturbance 

Q is constant. 

Because the clamp in the sampling filter sets the 

value of oe instantaneously and there is no lag in 

the transmission system, the response in any one 

cycle is independent of that in the preceding cycles. 

The complete motion of the system is therefore 

apparent from the response over 4 single cycle. 

For the purpose of analysis the diagram of Fig.( 6.15) 

may be simplified to that of Fig.(6.16}. The integrator 

time constant is taken as T seconds. During each 

cycle the system will enter one of two modes of 

motion under the control of the demodulating switch. 

Also during the cycle the perturbation signal H 

takes the constant values th in sequence. 

Mode (A). 

When the demodulating switch is in position a 

on Fig.(6.16) the system moves as indicated by 

the differential equation, 

wi kev.d Arp re Ae ope 

which may be solved subject to an initial value 

of V, taken as Ve The solution is, 

¥ = By ( hoa pay, art Ses beer 

where X= £6 eR ee 
a cee ek PEROT 

This mode is divergent when Xis positive, that 
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BLOCK DIAGRAM WITH PERTURBATION 

 



is when g, the slope of the performance surface, 

is positive. With « negative the mode is stable. 

Mode ( ). 

When the demodulating switch moves to position 

b on Fig.(6.16) the sign of the gain constant K 

is reversed. The solution of equation (6.8) then 

becomes, 

Veto(1-e™*) +e gt Po 5 eee eth cas) 

This mode is stable when * is positive and 

diverges when negative. 

The response over a complete cycle may now be 

determined by examining the sequence in which these 

modes occur and giving appropriate values to H. 

The diagram of Fig.(6.17) has been drawn to clarify 

the sequence of events.In designating the modes as 

shown in (5) it has been assumed that g is positive. 

It is required to find the nett change in ¥ over 

the cycle designated by points (1) to (5). To do this 

the response equations are applied in each of the 

four sub-intervals as follows. 

Response (1) - (2). 

Because the sampling switch operates at (1) the 

effective initial value of ¥ is zero. The value 

of the perturbation H is h and the system is in 

Mode (B). Equation (6.11) then gives the value 

of ¥ at (2) as, 

_&o 
vo = ak ( lee 44 oo. bos ae oa COs ke? 
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Response (2) - (3). 

The system is switched into Mode (A) at point 

(2). No change is made to the value of Z stored 

in the sampling filter so the value of ¥ 

accumulated in the first interval must be taken 

ag an initial value ve for this interval. The 

response accumulated at (3) is then given by 

equation (6.9 ) as, 

ot xv : es 
V3 = aoc VS ) + BE ( Llc 4) pe ea 

which reduces to, 

ot 

2h Sih: 
V3 = rec ( & -1) feet ee eee a 

The value V3 gives the total movement in Y from 

the starting point (1). 

Response (3) - (4). / 

Once the sampling switch has operated at (3) the 

progress made in the first half of the cycle has 

no further influence. We therefore take the 

dnitial value of ¥ as zero. The perturbation 

takes the value -h and the response is given 

for Mode (A) from equation (6.9). The value 

attained at point (4) is, 

xr 
V4 = Te | & 4 Nee, an ) Bevis vee bees viN eR OED 

 



Response (4) - (5). 

At point (4) the only change made to the 

system is to switch from Mode (A) to Mode (B). 

The value ¥4 is taken as the initial value of 

¥ in equation (6.11). At point (5) we then 

have the response, 
OT 

Ve = pe | le-€ 4 ) SSC ie bona UGsao 

The response over the complete cycle (1) = (5) may 

now be found by adding the progress made in the 

first half cycle to that in the second half i.e. 

V5 + Vee This may be simplified to the form, 

Vag = Bee ( cosh (AE) - 1) ceeeeeeee0( 617) 

This equation shows the overall progress Vis 

representing the change in the controlled variable, 

in any one cycle when the perturbation H acts alone. 

The movement is positive when ~is positive and this 

is realised when the slope of the performance 

surface is positive. The system is therefore constrained 

to make progress towards the maximum performance. 

If the slope of the performance surface is negative 

the progress is negative and the movement is again 

towards the maximum position. The amount of progress 

made depends on the slope g, which determines the 

value of &. The progress tends to zero as g tends to 

zero so that the maximum is approached asymptotically. 

The value of & also depends on the ratio F which 

determines the loop gain of the optimising system. 

The higher the value of the loop gain the greater 

is the progress made in each cycle. 
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When or is small the value of VE in equation (6.17) 
reduces to, 

ore Assi cent ee 
&.9 

If we ignore the dynamical effects in the optimising 

loop and calculate the progress due to the mean 

component of the demodulator output alone, we arrive 

at the same result. This follows from the wave-forms 

of Fig.(6.10) when it is recognised that the peak 
value of the perturbation vi. is i. As the loop 

gain is increased the value of Ves given by the 

equation (6.17) becomes greater than that from 

equation (6.18). The additional progress which this 

represents is due to the effect of allowing the 

fluctuations about the mean output of the demodulator 

to pass to the integrator. If a low-pass filter 

were introduced before the integrator the progress 

would fall to approach that given by equation (6.18). 

EFFECT OF DISTURBANCES. 

If the disturbance Q is changed during the climbing 

motion the response obtained in the preceding section 

will be modified. The rate at which the disturbance - 

may change must be slow if the optimising system is 

to be able to follow the changes in the position of 

maximum performance. It will therefore be assumed 

that,over any one cycle of the perturbation,the rate 

of change of the disturbance is constant. Also when 

the change of Q is small in each cycle we may take 

the. slope of the performance surface g to be constant 
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over each cycle. This allows the simplification of 

the diagram on Fig.(6.15) which results in the 

diagram of Fig.(6.18). Again we may consider each 

cycle independently of the preceding motion and 

identify two modes. 

Mode (A). 

With the demodulating switch in position a the 

equation of motion is, 

Ege = S38 vehi asbeisveeteenea? 

When the value of Q changes at a constant rate, 

GQ the changes of ¥ follow the form, at’ 

V= ae Ge (et 1 -ot) + ae oe 

BCP 4 rr oF 6 0) 

where againnX= 5 and ¥) and Q, are initial 

values. 

Mode (B) 

On changing the demodulating switch to position b 

the sign of K is made negative. The response 

then becomes, 

Ve =o been aw Late ‘. oe 

Gp = Xt 
a2 te - 1) Se Paves ae  ¥ok Oceul 
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FIG.( 6.18) 

BLOCK DIAGRAM WITH DISTURBANCE 

 



The change over the complete cycle (1) - (5), 

defined on Fig.(6.17), may now be calculated. 

Response (1) - (2). 

When the reference value Zo is set in the 

sampling filter at point (1) the effect is 

to reduce the initial values a and Q, to 

zero. The system responds in Mode (B) and 

the movement, given by equation (6.21), takes 

the following value at point (2), 

- st 

v= 7 aE aa (eo — 14 FE dec eee eee e( 6.22) 

Response (2) — (3). 

At point (2) the system is switched to Mode (A). 

The initial value of Ve is V5 given by 

equation (6.22). Also the initial value Q, is 

the change in Q over the first interval 

i.e. © daQ 
4.00: . 

The accumulated response at point (3) is then 

found from oe (6.20). 

ae dQ $9 [2 baa 1) 23 Lae Wess 3005 28.0 

Response (3) - (4). 

On resetting the value of Z, at point (3) the 

system continues in Mode (A) with zero initial 

conditions. The response at (4) is then, 

- 182 -



WV = 2 Bet -1- &) bigest ise cease teBeee? 

Response (4) - (5). 

At point (4) the system enters Mode (B) and 

continues with the initial conditions taken 

over from the preceding interval. The response 

at (5) is given by equation (6.20). 
aT 

GQ ie ee 1,2 8 [2 ig ee 8 B | ever + +( 6425) 

The total change in ¥ over the complete cycle is 

obtained by adding v3 and Vos 

Vo= = ao [4 sinh (%©) - 1] TE 

This value tends to zero as the constantais made 

small by reducing the gain r The limiting value 

is also zero when the slope of the performance surface, - 

g, is taken to zero. The direction of the change YQ 

is such as to assist the hill-climbing action when 

3 is positive and to oppose it when negative. 

6.8 OPTIMUM GAIN SETTING. 

The progress made in climbing a constant slope 

segment of the performance surface was calculated 

in Section (6.6). It was observed that the advance 

in each cycle was made larger by increasing the 

gain constant x . However the results of Section (6.7) 

show that this also has the effect of increasing 

the response to the disturbance. By looking carefully 

into the balance of these two effects it is possible 

to show that an optimum choice of 7 can be made.



  

The form of the disturbance Q has not previously 

been defined precisely. It will now be identified 

as a composite parameter determining the operating 

conditions for the transmission system. The factors 

which together settle the operating conditions are 

the load torque, the speed of the prime mover and 

the temperature of the hydraulic fluid. Any change 

in one or more of these factors will disturb the 

optimising system. The disturbance will have the 

effect of changing the efficiency value for a given 

setting of the motor stroke and will also alter the 

position of the point of maximum efficiency. Thus 

the changes of the performance measure due to this 

form of disturbance are correlated with the movement | 

of the optimum point. The following analysis makes 

use of this correlation to establish the optimum 

value of re 

The overall requirement of the optimising system is 

that it should hold the performance measure as 

close to its maximum value as possible in the changing 

situation. In assessing the ability of the system to 

do this, three factors must be taken into consideration, 

(1) Progress towards the optimum setting due 

to the perturbation. 

(2) Effect of the disturbance on the progress 

towards the optimum setting. 

(3) Progressive movement of the optimum setting. 

The first of these factors has been analysed in 

‘Section (6.6) where the progress made in one cycle 

was designated Vue The second factor was studied in 
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Section (6.7) and the change of motor stroke in 

one cycle was defined as Vos As far as the third 

factor is concerned we will assume that the 

optimum stroke setting, ¥, » changes linearly 

with the disturhance. We can then define, 

ay 
iii oD eet een i 64 C6273 

dQ 

Now, if the rate of change of the disturbance is 

constant, we can say the the nett change in the 

stroke relative to the optimum setting is,in each 

cycle, 

v +u ere y Ay gh be vues Ge tt Dweo. Q at Bic 

To avoid possible confusion in the sign of each 

term in this expression it will be interpreted as 

if the modulus of each term has been taken, i.e. 

positive values will be assigned. That Yq is of 

opposite sign to Vig ensures consideration of the 

condition of least progress per cycle in equation 

(6.28). 

The effect of the disturbance in Yo is proportional 

to - and,at some value of so, it will then be 

possible to identify that no nett progress is made 

towards the optimum when AV = O. 

We have an expression for VE in equation (6.17) which 

may be written, 

Vy = Oe Fy be cbc ita RekS Soba bLeD)



    

where, 

F sales [cosh () ~ 1 | Hides hee sVOea0) 
L XT 

Also we get Yq from equation (6.26) and can write 

this as, 

YQ = ct HP, perks i vad ee dest o0ba ERLE OD 

where, 

Py = se sinh (SE) - 1 veeeeeee eee ee( 6.32) 
2° xt 

On substituting into equation (6.28) and setting 

AV = O we can solve for a and get, 

h 
<P e ®*y ‘ COEAL ETE CEES Ach rect cakh es can 

er U + Zz 2 

This value of a represents the rate of change of 

disturbance at which no nett progress is made by 

the optimising system in tracking a moving optimum 

point. If the rate of change is greater than this 

value the system will retreat from the optimum point. 

The system will be at its best in this respect when 

the value of aa given by equation (6.33) is a 

maximum and we now consider the choice of parameters 

to achieve this. 

The factor i is the rate of movement of the motor 

stroke due to the perturbation. This should be as 

large as possible to maximise S. The performance 

of the speed control system on the transmission has 

been shown to be the limitation on this choice. 

The paramaters U, G, and g are defined by the 

performance curves of the system and are not open 

to adjustment. The factors Fy and Fo are both 
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functions of *C. In this the choics of T, the 

period of the perturbation, is determined by the 

amplitude of the stroke perturbation and consideration 

of the action of the sampling filter. It remains to 

adjust «& i.e. a8. Again we have no control over g, 

the slope of the performance curve, so that a 

becomes the design parameter. 

The value of fF Which maximises equation (6.33) depends 

on the values of U, Gand g- The data necessary to 

obtain typical values are contained in the performance 

curves of Fig.(6.2). From these results curves of 

efficiency against load current have been drawn,as 

shown on Fig.(6.19), for constant values of motor 

stroke. Reference to the defining equations (6.7) 

shows that the slope of these curves is the parameter 

G. In this case the disturbance variable is identified 

with the load current, the input speed and the fluid 

temperature being constant. The slope value taken 

from the curves is an average value for which G@ = 9.4. 

A curve giving the optimum motor stroke as a 

function of the load current is also derived from 

Fig.(6.2) and appears as shown on Fig.(6.20). The 

slope of this curve gives the value of U as defined 

in equation (6.27). The value U = 0.25 is an 

appropriate choice. The remaining parameter g is the 

slope of the performance curves of Fig.(6.2) which 

varies, approaching zero as the maximum is reached. 

A typical figure for g on the steep part of the 

curves is 8% per unit stroke, but the value varies 

‘substantially with the stroke setting.and the load. 
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_ FIG.(6.20)_ 
VARIATION OF OPTIMUM STROKE 
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The result of evaluating equation (6.33) asa 

function of = is shown on Fig.(6.21) for several 

values of g. As expected the curves exhibit a 

maximum, the position of which varies with g. The 

way in which the maximum position changes is observed 

more clearly by plotting as shown on 

Fig.(6.22). To find an appropriate value of i we 

observe that the slope of a line on Fig.(6.22) is, 

AXE 

4g 

A straight line approximation is therefore constructed 

on Fig.(6.22). The line is drawn through the origin 

because « must be zero when g is zero. The slope of 

this line is 0.2. When the period of the perturbation 

tis 10 sec. we then get tt = 0.08. 

=F Na wee clad ieee eee 

This analysis has been based on the choice of the 

optimum value of the gain factor to enable the 

system to track effectively the changes in the 

position of maximum efficeiency. It has been assumed 

that the changes are due to variations in the load 

on the transmission. The efficiency also changes 

with the input speed and the temperature of the 

hydraulic fluid. It has not been possible to assess 

reliably the effect of changes in the fluid temperature 

but the effect of changing the input speed can be 

observed. For instance the performance curves of 

Fig.(6.2) are taken with an input speed of 1000 r.p.m. 

and the effect of raising the speed to 1500 r.p.m. 

can be seen on moving to Fig.(6.3). The general effect 

of increasing the input speed is to reduce the 

efficiency at any given stroke setting. The effect 
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6.9 

  

- 

on the position of maximum efficiency is slight with 

a tendency to move towards a lower stroke setting. 

To analyse this case the disturbance Q is identified 

with the input speed change. The value of U is then 

small because the maximum position changes only 

slightly. In equation (6.33) the effect of reducing U 

is to move the point of maximum “ to a lower value 

of ed This would lead in turn to a lower value of re 

When both the input speed and the load are changing 

together it would be necessary to arrive at a 

compromise in the choice of the gain setting. In this 

case the further study was restricted to the condition 

of load variation and the system was set up to give 

the optimum gain for this case. 

THEORETICAL PERFORMANCE. 

With the value of the gain factor ie established in 

the preceding section we can assess the performance J, 

which the system is likely to exhibit. 

Firstly it has been shown that the system will make 

greater progress towards the maximum point when the 

load is increasing than when it is decreasing. In 

neither case,however,is there any change in the 

controlled variable once the slope of the performance 

curve has become zero, i.e. at the maximum point. 

As the maximum point changes due to the load change 

the system will fall behind. When the load is 

decreasing the lag will be greater than when the load 

is increasing. In a progressive change of load the 

system will eventually lag to a point where the slope 

of the performance curve is sufficient for the progress 
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to equal the rate of movement of the maximum point, 

This is the situation for which the optimum choice 

of t has been made, taking the worst condition of 

decreasing load. We can therefore use the results 

of Section (6.8) to decide what rate of change of 

load the system can tolerate. 

With the value of rr set to give the straight line 

approximation on Fig.(6.22), the value of > a 
which satisfies equation (6.33) is as shown on 

Fig.(6.23). Typically from this curve we see that 

when g is 8%, = os is 1.0 . The value of it is the 

rate of movement of the motor stroke due to the 

perturbation. This has been set to 0.011 s™. If 
therefore the rate of change of load is maintained 

at 0.01] amp per second the system will lag to 

a& point where the slope of the performance curve 

is 8%. This value of slope is about the maximum 

seen on the performance curves so that the system 

must depart considerably from the maximum point. 

It should be noted that the rate of change of load 

which thisrepresents is as low as 13% of full load 

per minute. 

A second feature of the performance is the wave-form 

of changes in'the motor stroke. This wave-form is 

the result of the superposition of the perturbation 

wave-form and the fluctuations in the output of the 

demodulator. The analysis of Section (6.6) has shown how
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changes of stroke may be evaluated over one cycle, 

when the operating conditions are fixed. Taking the 

slope of the performance curve g as 4% and the 

value of is as calculated in Section (6.8), we get 

0 as 0.8 . This leads to the wave-form shown on 

Fig.(6.24). Here the ordinates are expressed in ratio 

to the maximum excursion of the stroke under the 

influence of the perturbation alone. It is then clear 

that the progress made at the end of the cycle is 

comparable with the excursion due to the perturbation. 

This measure of progress is comparatively large. The 

extent of the progress will vary with the slope of 

the performance curve as shown by equation (6.17). 

Over the range of values expected the progress is 

approximately proportional to the slope g. 

6.10 CONSTRAINTS. 

The range over which the motor stroke may be 

adjusted is limited, It is desirable to limit the 

minimum setting to about 0.25 as the dynamical 

performance of the transmission deteriorates 

considerably below this value. The maximum stroke 

setting is limited in two respects. There is 

clearly an absolute limit set by the design of the 

motor but the need to maintain control of the 

output speed may prevent this limit being reached. 

This latter restriction comes into effect when the 

motor speed is higher than the pump speed. In which 

case the motor stroke must always be less than the 

pump stroke. The limit of the motor stroke is then 

“4 LOG
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reached when the pump is set to maximum stroke. 

To prevent the optimising system criving the movor 

stroke beyond these limits it is necessary to 

override the control action. In this case a limit 

switch circuit was designed to switch off the input 

to the integrator.when the limit is reached. The 

connection is restored when the perturbation 

changes direction, causing the system to move away 

from the limit. 

6.11 CHOICE OF PERTURBATION PERIOD. 

The rate of movement of the motor stroke is limited 

by the dynamical response of the speed control 

system on the transmission. This means that the 

period and the amplitude of the perturbation are 

related i.e. if the amplitude is increased the 

period must be extended.proportionately. Consideration 

of the operation of the sampling filter has lead tO 

the conclusion that, for best performance, the sampling 

period should be as short as possible. The sampling 

period is half the perturbation period, so there is 

a need to keep the amplitude as small as possible. 

A small amplitude of perturbation is also of. 

advantage in view of the action of the limit circuit 

in applying the constraints. The extent to which 

the mean stroke setting can approach the limit is 

determined by the perturbation amplitude, as the Limit 

circuit will operate on the peak of the wave-forn. 

However, too great a reduction of the amplitude can 

have an adverse effect. In Section (6.8) it was 

shown that for optimam performance of the optimising 

i 1.06 

 



ne 

system, the loop gain should be set to make a 

equal to 0.8 . As the period tT is made shorter 
te. 

the gain factor if then becomes larger. In effect 

as the amplitude of the perturbation is made smaller 

the loop gain must be increased to maintain the 

optimum performance. The limit to the loop gain is 

set by the measurement noise. When the gain is 

high the noise will produce large fluctuations in 

the motor stroke, since it is amplified by the gain 

factor = . 

To assess these conflicting requirements analytically 

would require a detailed knowledge of the statistical 

characteristics of the measurement noise. In this 

case a qualitative assessment was made leading to 

a choice of 10 seconds for the perturbation period 

and an amplitude of 2.5% in the stroke movement.



7 IMPLEMENTATION OF THE OPTIMISING SYSTEM. 

The considerations outlined in Section (6) have 

established the general principles on which the 

design of the optimising system should be based. 

In this section the further developments are 

discussed, leading to the design of the equipment. 

7.1 GENERAL SYSTEM ARRANGEMENT. 

A block diagram of the system ‘is shown on 

Fig.(7.1). The operation may be understood 

by reference to Fig.(7.2) which shows the 

wave-forms generated. The timing wave-form 

85 is of twice the frequency required in the 

perturbation. A bistable multivibrator By is 

arranged to trigger on the positive excursion 

of the timing wave-form. The state of this 

bistable is shown by the wave-form Sy + The 

output of the bistable is used to operate a 

relay RL1, with change-over contacts. These 

contacts select the two-state input to the 

integrator and thereby generate the perturbation. 

As the integrator is an a.c. servo-system with 

50 Hz carrier, the signals 2 and £5 are equal 

in amplitude and of opposite phase. 

In the lower part of the block diagram the 

efficiency Z is introduced as a performance 

measure. It is converted into a d.c. voltage 

signal by means of a potential divider. This 

is a rotary potentiomater which is driven by 

- 200 =
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the efficiency measuring system (See Section (5) of 
a2 

the Appendix). The efficiency signal is sampled in 

‘the sampling filter. A reec switch is closed for a 

short period to allow the storage capacitor © to 

charge to the wiper potential. This capacitor operates 

as a zero-order hold. 

Following the sampling operation it is necessary to 

generate a signal proportional to AZ, the difference 

between the stored value 4. and the current value Of: 2s 

This signal is then spotted to the integrator, through 

the demodulator. It is necessary to modulate the 42 

signal at 50 Hz, since the integrator is to operate 

with a 50 Hz carrier signal. This is conveniently 

done with a chopper relay as shown. In the demodulator 

the chopper amplifier provides two output signals of 

equal amplitude but of opposite phase. These signals 

are switched to the integrator alternately by the 

demodulating switch. 

Control of the demodulating switch must be such that 

it changes state precisely half way between the points 

of reversal of the perturbation. To achieve this a 

second bistable multivibrator By is triggered in step 

with the negative excursions of ties timing wave-forn. 

Its state is shown by the signal Sos Synchronisation 

of the two bistable circuits by and Bo is essential. 

When first switched on the circuits may take up either 

state at random. Sometimes the state signal So would 

then appear shifted in phase by half a cycle 
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with respect to S54 This would cause the optimising 

system to move down the performance curve, rather 

than up it. To avoid this a synchronising pulse is 

transferred from bistable 5, to ensure that So is 

always off when Sy makes the excursion from off 

to on. 

The sampling switch is arranged to operate twice in 

each cycle at the points of reversal of the a 

perturbation wave-form. A mono-stable multivibrator 

controls the sampling duration,and is triggered 

directly from the positive excursions of the timing 

wave-form,as shown by the signal 53. 

Constraints limiting the range of movement to the 

motor stroke are operated by a limit circuit. This 

breaks the connection to the integrator when the 

limit is reached. 

The particular features of this system which are vs 

important design considerations are as follows. 

The use of a timing wave-form of twice the required 

perturbation frequency simplifies the design. This also 

ensures that the phase relationship between the 

switches controlling the perturbation and the 

demodulator is precisely maintained. Another feature 

is the choice of a 50 Hz a.c. carrier system for the 

integrator and this has two advantages. Firstly it 

is possible to construct an integrator with very low 

drift, since d.c. drift in the amplifiers is not then 

important. Secondly the drift problem is also reduced 

in the amplification of the signal fran the sampling 

filter. Drift at this point in the system is not of 

such fundamental importance as drift in the integrator. 

 



  

If the integrator tends to drift,by moving 

progressively further in one direction of the 

perturbation than the other, the system must 

compensate by moving off the position of maximum 

efficiency. Drift in the integrator must therefore 

be avoided as a fundamental requirement. On the 

other hand a similar drift in the amplifiers of the 

demodulator is not so important, provided that it 

affects both the direct and phase inverted signals 

equally. This is because the drift appears before 

the demodulating switch. Its effect would be to 

add a further square wave-form to the input of the 

integrator, 90° out of phase with the two-state 

signal giving the perturbation. This only adds 

unnecessarily to the fluctuations in the controlled 

variable and does not affect the hill-climbing 

action. A drift affecting one channel of the 

demodulator is important however,and has similar 

effect to the drift in'the integrator. It is 

therefore necessary to ensure that any drift affects 

both channels equally and this requirement could 

present a major problem as the changes in the 

efficiency are small and hence the gain must be large. 

It is doubtful whether the requirements for low 

drift could be met without moving to an a.c. carrier 

system. 

In the following sections the detailed arrangements 

of the various sub-units of this general system 

are described. 
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7.2 DETAIL OF THE INTEGRATOR. 

The arrangement of the integrator system is shown 

in Fig.(7.3). A 50 Hz, two phase servo-motor M is 

controlled through a high gain a.c. amplifier A, The 

amplifier is of similar form to that described in 

Section (5.4) of the Appendix but with one fewer stages 

of amplification. The motor is directly coupled to an 

aec. tachometer-generator G, which provides the speed 

feedback signal. The motor is also geared down to drive 

four rotary potentiometers as the output elements. The 

system may be operated in either of two modes. 

Position Controlled Mode. 

In this mode a position control loop is set up by 

using one of the potentiometers on the output shaft. 

The tachometer signal is introduced to stabilise 

the system. In this way the output shaft is made to 

follow the movement of the position reference 

potentiometer. 

This arrangement was used when it was required to 

set a prescribed value of the motor stroke in the 

static tests. An external input point is included 

so that a sinusoidal oscillation could be introduced 

for frequency response testing. 

Integrating Mode. 

In this case the input to the amplifier is 

switched to select the combined perturbation 

and optimising control signals. This input 

signal is balanced against the output of the 

tachometer-generator. There is no problem of » 

Dae instability and the feedback signal is made as 
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a 

large as the loading limit on the generator will 

allow. This ensures low drift and linearity in 

the response. A fine balancing adjustment is 

provided in the perturbation source to allow the 

signals By and $. to be set for perfect symmetry. 

This ensures that the mean position of the 

integrator does not change when the perturbation 

is applied. 

The limit circuit operates a switch as shown. The 

action is to open the input circuit, leaving the 

tachometer feedback signal connected. This has the 

effect of producing a rapid deceleration of the 

integrator motor due to the feedback action. 

LIMIT CIRCUIT. 

It is required to limit the range of motor stroke 

adjustment as a constraint on the optimising system. 

The minimum stroke limit is taken as 0.25, while 

the maximum limit is reached when either the motor 

stroke or the pump stroke reaches its maximum value. 

Micro-switches were set up to detect the limiting 

conditions. Two were set to be operated by the 

output shaft of the integrator, one at the full 

stroke position and the other at 0.25 stroke. The 

full stroke setting on the pump was detected by . 

@ micro-switch operated by the stroke setting servo- 

piston. 

Following from the analysis of the response to the 

perturbation ig Section (6.6), we can say that the 
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system can only move towards a limit when the 

perturbation is directed towards the limit. This 

however neglects the effect of noise in the 

performance signal. 

A simple form of limit circuit is shown in 

Fig.(7.4). A change-over contact,on the relay 

controlling the perturbation, is used in conjunction 

with the normally closed contacts of the micro- 

switches. The operation is then as follows. When the 

perturbation is switched to cause a movement towards 

the maximum stroke position, the circuit is 

completed through the maximum stroke switches on 

the pump and motor. If either switch is opened the 

integrator will stop. With the perturbation .switched 

to give a movement towards the minimum stroke limit, 

the minimum stroke switch completes the circuit. 

It should be noted that the maximum stroke switches 

cannot normally be open at the same time as the 

minimum stroke switch. The complete cycle of 

operations on reaching a limit is then as follows. 

When the perturbation is moving the system towards 

maximum stroke the maximum stroke switches will 

operate to stop the integrator when the limit is 

reached. Once stopped the switches will remain 

open and the system will retain this state until 

the perturbation is switched into the reverse 

direction. The change-over switch then moves to 

allow the integrator to be activated through the 

minimum stroke switch. The system should then move 

away from the limit. 
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This simple form of limit circuit can be defeated 

by noise in the performance signal. The noise may 

be due either to the disturbance applied to the 

transmission system, or to measurement noise. If the 

total effect of the noise were large enough to 

overcome the perturbation, the system may continue 

to move past the limit in the opposite direction to 

the perturbation. However the limit circuit will 

ensure that the perturbation cannot reinforce this 

movement and eventually the system must move away 

from the limit. To make a limit circuit capable of 

preventing any movement beyond a limit requires an 

unreasonable increase in the complexity and this 

simple form of circuit was adopted in this case. 

A further consideration is the reliability of the 

circuit. It is a feature of the circuit described 

that it will fail safely to the most commonly 

expected switch fault. It arises when switches are / 

used to transmit small signals that the switches may 

fail to make contact due to small surface defects.  ——— 

A fault of this type will leave the system able to 

move in one direction only and it will continue 

until stopped by the limit switch. The alternative 

form of circuit using:normally open contacts would 

fail allowing the system to continue beyond the 

limit. 

The results of a test on the limit circuit is 

shown in Fig.(7.5). The system was operated with 

the perturbation alone applied to the integrator. 

On starting the sequence at (a) the perturbation 

drove the stroke to the maximum limit at (b). The 

movement would normally have continued to (c) but 
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the limit circuit operates to stop the integrator 

at (b). The change-over of the perturbation relay 

at (d) re-connects the integrator and the system 

moves away from the limit. This movement carries the 

stroke away from the limit by an amount equal to the 

normal traverse of the perturbation. The return 

movement therefore brings the stroke up to the 

limit at (f). In the absence of any control action 

from the optimising loop,the limit circuit places 

the mean motor stroke at a distance equal to the 

amplitude of the perturbation from the limit. 

Thus the amplitude of the perturbation determines 

the extent to which the limit may be approached. 

7.4 MULIIVIBRATOR CIRCUITS. 

Two basic types of multivibrator circuit are 

required to implement the arrangement of Pie Cis) « 

The two bistable circuits By and By are basically — 

the same and there is one monostable circuit. It 

was convenient to design special purpose circuits 

for these rather than to use standard logic elements.— 

Bistable Circuit. 

The circuit designed for this purpose is 

shown in Fig.(7.6). It is intended to trigger 

with a positive going 10 Volt step applied to 

any of the input points A,B and C. Triggering 

at A and C will drive tT, into the "on" state 

while the action a Bis to bring T. "on". 

In bistable By the requirement is to divide 

the timing wave-form frequency by two and this 
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is achieved by applying the timing wave-form 

to A and B together. The bistable Bo also 

receives the timing wave-form at A and B, but 

in addition the output of BL is connected to 

C to provide the synchronising action. 

Monostable Circuit. 

The circuit is shown in Fig.(7.7). A positive- 

going 10 Volt step applied to the trigger input 

causes the transistor T, to turn’."on for 

10 ms, before recovering to the normally "off" 

state. 

Subsidiary Circuits. 

Three subsidiary circuits are required as 

shown on Fig.(7.8). 

CHOPPER AMPLIFIER. 

Considerable care is required in the design of this ey 

' amplifier in conjunction with the storage capacitor. 

The amplifier is required to produce two output 

signals of precisely the same amplitude but of 

opposite phase. The amplitude must be proportional 

to the difference between the voltage held on the 

storage capacitor and the varying voltage value 

representing the efficiency. The feature which 

requires particular attention is the need to retain 

the voltage held on the storage capacitor over a 

long period. The storage capacitor must charge 

completely during the sampling interval of 10 ms 

and then hold the charge over a further 5 seconds. 

To.give rapid recovery during the sampling interval 

we require a small value of capacitance, but a large 
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value is of advantage in maintaining the stored 

voltage. A satisfactory compromise can only be 

achieved by ensuring that the charge lost by the 

capacitor during the 5 second holding period is 

reduced to a minimum. This requires that the input 

current taken by the chopper amplifier must be 

very low. 

The effect of the input current of the chopper 

amplifier is to cause a progressive change in the 

voltage held on the storage capacitor. This will 

cause a corresponding increase in the amplitude of 

the signals Py and Pos It is important to note that 

both signals are affected in the same way and that 

the drift appears before the demodulating switch. 

The change-over action of the demodulating switch 

will cause a reverse of the phase of the signal a alee 

applied to the integrator, half way through the 

holding period. If the drift continues at constant vA 

rate over the complete perturbation cycle the 

effect on the output of the integrator will average 

to zero. This drift cannot therefore produce a 

shift from the optimum setting of the motor stroke. 

But there will be large fluctuations in the stroke 

setting. This will place an undesirable demand on 

the speed control system of the transmission. 

To avoid this it was decided to design to hold the 

stored voltage within 0.1% over the 5 second period. 

The allowable current drain due to the chopper 

amplifier may then be estimated. We note that the 

storage capacitor is connected to the amplifier 

through the chopper switch for half the holding 

period. With a storage capacitor of 1 uF holding 
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20 Volt this requires that the input current be 

less than 8 x 107? ADs: 

With this in mind the arrangement of Fig.(7.9) was 

adopted. It is necessary to adjust the operating 

point of the valves to reduce the grid current to 

a minimum. The input circuit is d.c. coupled as this 

ensures a minimum loss of charge from the storage 

capacitor. The d.c. level of the grids can then 

vary by 25 Volt but in this circuit the change in 

the operating point of the valves is slight, and 

the minimum grid current setting is maintained. 

Equality in the amplitudes of the output signals 

By and 5 is ensured by the symmetry of the circuit. 

A further important consideration in the design of 

the amplifier is the need for linearity. When the 

operating conditions in the transmission are 

changing there may be a large change in the efficiency 

value over the holding period. The system can only / 

operate correctly if this change is amplified 

linearly. There is also the possibility of a ee 

fluctuation in the measures efficiency value due 

to measurement noise. The overall requirement is 

that linearity must be maintained up to the largest 

change in tHé' efficiency signal which may appear 

during the holding period. To estimate this change 

we proceed as follows. 

It was shown in Section (6.9) that the maximum 

rate of change of load which the system can tolerate 

will ve of the order of 0.011 Amp per second. The 

change of efficiency which this would produce during 

‘the holding period is given by G gS. With €T=10s 

* 
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and G = 9.5 % per Amp we get a change of 0.5 %. 

The wave-form of stroke changes due to the control 

action was also evaluated in Section (6.9) and is 

shown on Fig.(6.24). The maximum change of stroke 

over the interval between sampling instants is of 

the order of three times the amplitude of the 

perturbation. When the amplitude is 2.5% and the 

slope of the performance curve is 4% we calculate 

the change of efficiency to be 0.3%. Allowance must 

also be made for the measurement noise and this 

would suggest that the total linear range of 2% 

efficiency change would be adequate. This is not 

difficult to achieve with the circuit used and the 

linear range available was found to be in excess of 

20%. Infact the linear range of the integrator is 

the limiting feature and it was found that the 

overall system was linear up to at least 7% change 

of efficiency, which is adequate in this case. vf. 

It is necessary to recognise that the output signals 

derived from the amplifier are of approximately 

square wave-form. In passing this wave-form on to 

the integrator it is possible that the harmonic 

components would adversely affect the integrator. 

The response of the integrator is not significantly 

affected in this case and additional filtering was 

considered unnecessary. The integrator responds 

linearly to the fundamental component of the input 

and the gain of the chopper amplifier is therefore 

assessed in terms of the fundamental component of 

its output wave-forn.



7.6 

The phase of the fundamental component should 

coincide with that of the signal from the tachometer 

generator of the integrator. There is a lag in the 

chopper relay which gives the amplified signal carrier 

about 10° phase shift and this is small enough to 
be of no effect, 

GAIN SETTING FOR THE CONTROL LOOP 

The analysis of Section (6.8) has fixed the required 

value of the gain factor i: as 0.08 . This figure 

represents the combined gain of the chopper 

amplifier and the integrator. It defines the rate 

of change of the motor stroke for 1% change of 

efficiency. The section of the control loop which 

is to provide this gain factor is indicated on 

Fig.(7.10). Regarding the gain of the chopper 

amplifier as fixed, it is necessary to allocate a 

value to the summing resistor R. ef 

The gain of the integrator may be defined in terms 

of the current input required at the summing junction 

to give unit output speed in the stroke movement. 

This was found to be 4.55 x 102 (Amp sec), if a 

is the gain of the chopper amplifier, giving the 

ratio of r.m.s. voltage output at 50 Hz to the 

percentage change of efficiency, the overall gain 

becomes, 

« BESS NO eg cae kA 
AZ i 

This must be set to the required value of Fre The 

gain A was found to be 1.8 Volt and this leads to 

the value 100 k® as the nominal value of R. 
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7.7 SETTING UP PROCEDURE. 

A 

To ensure that the optimising action will carry the 

system towards the maximum efficiency, it is 

necessary to set the correct phase relationship 

between the demodulating switch and the perturbation 

switch. There is a possibility of 180° phase error 

in this setting and the effect of this would be 

to make the system move towards the minimun 

efficiency. The phase setting is achieved by the 

appropriate wiring of the relay contacts. A test 

was devised to chetk this as follows. 

The system is operated without the transmission 

running, the efficiency measuring’ system is then 

inoperative. When the optimising loop is connected 

the motor stroke movements follow the perturbation. 

If then a manual change is made in the efficiency 

Signal this alters the pattern of stroke movements. /- 

The effect of increasing the efficiency signal 

should be to reinforce the movement produced by the 

perturbation. When the perturbation has increased 

the stroke above the mean position an increase in 

the efficiency signal must move the mean position 

in the direction of increased stroke. 

With the system operating in this way it is also 

possible to test the action of the chopper amplifier 

and storage circuit. In this test confirmation was 

obtained that the correct gain setting had been 

achieved and that drift had been adequately reduced. 

a4. (2



7.8 OPERATING CHARACTERISTICS OF THE SYSTEM. 
a 

Two sets of tests were conducted to provide an 

assessment of the operating characteristics of 

the system. One test sequence was made with fixed 

operating conditions in the transmission, i.e. with 

the load torque and the input speed fixed. The other 

tests were implemented with the load changing. 

7.8.1 FIXED OPERATING CONDITIONS. 

It was required to observe how the system 

moved in reaching the maximum point on 4 

stationary performance curve. To do this the = 

motor stroke was set initially away from the 

maximum efficiency point, the optimising loop 

was then closed and the resulting motion 

recorded. 

As a basis of comparison the stroke movements 

were first recorded with the perturbation acting Ve 

alone, that is with the optimising loop open. 

The result is shown on Fig.(7.11). 

A series of tests were made with different values 

of load. With the load current set to zero, the 

stroke movement from an initial setting at 

maximum stroke is shown on Fig.(7.12). A second 

test under the same conditions gave the result 

shown on Fig.(7.13). In each case there isan 

overall movement towards a lower stroke setting, 

as the point of maximum efficiency is close to 

the minimum stroke position. Although the trend 

is the same in the two records there are 

aifferences in detail, due to the effect of the 

measurement noise. This random variation, combined 
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with uncertainty about the slope of the 

performance curve, makes it impossible to 

establish a quantitative comparison with a 

theoretical response. It is significant, 

however, that the progress made towards the 

optimum position covers two thirds of the 

range of adjustment in four cycles of the 

‘perturbation. This represents a substantial 

amount of progress per cycle and is the result 

of the high gain setting in the optimising loop. 

Against the time scale the rate of progress is 

slow, due to the Low perturbation frequency... 

The result shown on Fig.(7.14) was obtained 

with the load again set to zero current, but 

the initial stroke setting was at the minimum 

value. The system is constrained by the limit 

circuit and continues close to the initial 

setting as this is the maximum efficiency point. 

When the load current had been increased to 1 Amp, 

the same sequence of tests gave the results shown 

on Fig.(%15) to Fig.(7.17). The maximum efficiency 

was then at about the half stroke position. The 

differences in Fig.(7.15) and Fig.(7.16) again 

indicate the extent of the effect of measurement 

noise. It is useful to compare Fig.(7.13) with 

-Fig.(7.15). The difference in the vate of progress 

is evident, the progress being greater in Fig.(7-13) 

due to the higher slope of the performance curve 

in that case. In Fig. (7.17) the system is able 
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to move away from the initial setting at the 

minimum stroke position after an operation of 

the limit circuit. 

A further increase in the load current to 2 Amp 

gave rise to the results shown in Fig.(7.18) 

and Fig.(7.19). The maximum efficiency was then 

near to the maximum stroke position. In Fig.(7.19) 

the systemwas started at the minimum stroke and 

moved rapidly away in the first cycle. This is 

due to the high slope of the performance curve 

at that point. In Fig.(7.18) the system acquired 

the maximun point and continued to oscillate 

following the perturbation with little control 

action. : 

Together these results indicate that the system wo 

operated in the manner expected as far as the 

general trend of movement is concerned. The Z 

measurement noise has significant effect in the 

detailed form of the response but the operation 

of the system is otherwise acceptable. 

7.8.2 VARYING LOAD CONDITIONS. 

The effect of progressively changing the operating 

conditions has been studied theoretically in 

Section (6.7). The conclusions reached showed 

that if the change of operating conditions was 

in a direction which increased the efficiency, 

there would be a movement assisting the normal 

hill-climbing action. Conversely when the 

efficiency was decreasing the hili-climbing 

action would be retarded. 

= 2346 
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To test this theoretical result it was arranged to 

change the load current at constant rate. To do this 

@ ramp function change of voltage from a wave-form 

generator was applied to the external input of the 

current control system. The current control system 

is described in Section (2.2) of the Appendix and 

this provides an accurate control of the load current, 

The detailed effect of changing the operating conditions 

at constant rate was analysed in Section (6.7). In 

the particular case when it is the load current which 

is changing,it was calculated in Section (6.9) that 

a rate of change of 0.011 Amp per second would be 

about the maximum which the system could tolerate. 

The system was therefore subjected to rates of change 

of load up to 1 Amp per minute. 

A typical recording of the movement is shown on 

Fig.(7.20) for the case when the load current was 

increasing. The system starts at the minimun stroke 

setting which corresponds to the maximum efficiency 

point at zero load current. The performance curves 

have revealed that the point of maximum efficiency 

moves towards the maximum stroke position as the 

load is increased. The system is seen to follow this 

a 

movement with a small lag. 

When the load current was decreasing the response 

was as shown on Fig.(7.21). The system started in 

* Servomex Ltd., Wave-form generator Type LF 51. 
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the maximum stroke position as this is the optimum 

setting at high load. By the time the load current 

has been reduced to 1 Amp the optimum setting is at 

about half stroke, but the system continued to 

oscillate against the maximum stroke limit. The effect 

of the reducing load was sufficient to prevent any 

progress being made to follow the movement of the 

optimum point. 

The results presented in these two conditions were 

obtained with a high rate of change of load current. 

This exaggerates the effects sufficiently to make 

them obvious. At lower rates of change the syst2m 

was better able to track the movement age”..oc the 

retardation due to the decreasing load. When the load 

was increasing the system continued to follow the 

optimum position with a slight lag and there were no 

marked changes in performance. ™* “> clear that the — * 

main limitations of the system are seen when the load i 

is decreasing. For there to be any progress in following 

the optimum position the rate of change of load current 

must be as low as 0.2 Amp per minute. 

The overall impression is that the results confirm 

what has been expected from the analysis. They also 

emphasise that the system is only able to compete 

with slow changes in the operating conditions. 
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8. REVIEW OF THE SYSTEM PERFORMANCE. 

The performance of the optimising system is primarily 

to be assessed in terms of its ability to follow the 

continuous movement of the optimum point. Indeed it 

is only when the optimum point is continually changing 

that there is a need to consider using such a system. 

In following the movement it is:clearly a requirement 

that the controlled variable be held as close as 

possible to the optimum point. But this cannot be 

achieved without a compromise. The need for compromise 

stems from the fact that the changes in the operating 

conditions, which move the optimum point, also cause 

variations in the performance measure. The optimising 

system must discriminate between these variations and 

the changes in the performance measure produced by 

the controlled variable. A lackof discrimination 

produces errors in the estimate of the slope of the a7 
performance curve on which the control action depends, 

Discrimination can be improved by slowing down the 

rate of movement towards the optimum point. This allows 

@ longer time for the correlation,between the changes 

in the controlled variable and the performance measure, 

to be established. The need to improve the discrimination 

thus conflicts with the requirement to follow the 

optimum point rapidly. In this case the result of the 

compromise is that the system is only able to compete 

with slow changes in the operating conditions. 

The characteristics of the transmission system used 

in this work proved to be unfavourable to the : 

“optimising system. The most significant feature was 

the shape of the performance surface. This performance 
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surface is regarded as displaying the performance — 

measure as a function of two variables. One co-ordinate 

is the controlled variable and the other is the 

disturbance in the operating conditions. In this case 

the controlled variable was the motor stroke and the 

operating conditions were changed by varying the load 

on the transmission. The slope of.the performance 

surface along each co-ordinate is the significant 

feature. These values indicate the relative sensitivity 

of the performance measure to local changes in the 

operating conditions and the controlled variable. 

In this case the change of efficiency, as the performance 

measure, with the motor stroke was small compared with 

the change produced by the load. That is to say the 

slope of the performance surface in the direction of 

the disturbance is much greater than in the direction 

of the controlled variable. This means that ultimately 

the optimising system can only compete with slow 

changes of the operating conditions. 

A second factor contributing to the slow response is 

the need to use a low perturbation frequency. The 

frequency is limited by the need to avoid errors in 

the efficiency measure, due to dynamical effects in 

the transmission. An increase in the perturbation 

frequency is, for the most part, advantageous. The 

rate of progress made by the optimising system would 

increase, as also would the maximum rate of change of 

the operating conditions which the system could accept. 

To realise these advantages however, the loop gain 

would have to be increased to retain the optimum 

setting. This would exaggerate the effect of the 

measurement noise. 
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- It appears therefore that the form of the performance 

surface and the measurement noise together set the 

limitations to what can be achieved by the optimising 

system. 

In the analysis of the system it has been shown in 

general terms that an optimum value exists for the 

gain in the optimising control loop. The optimum is 

seen when the need for a rapid hill-climbing action 

is balanced against the sensitivity to the disturbance. 

The optimum value has been chosen to allow the system 

to compete with the maximum rate of disturbance of 

the operating conditions. In this case the value of 

the loop gain required is high and consequently the 

progress made towards the optimum point in each cycle 

is large. Typically it may be as large as twice the 

perturbation amplitude in one cycle. Even so the 

vate of change of load on the transmission must be 

Slow. A rate of change as low as 5% of full-load in 

one minute may have sufficient effect to cancel any 

progress made by the optimising system. 

ve 

The extent to which the efficiency may be increased 

by the optimising system is an important consideration. 

In this case the efficiency may be raised by about 

5% by reducing the stroke from the maximum position. 

The fact that at low load the efficiency may be as 

low as 25% is significant,as this change then 

represents a saving of 20% in the output power. It 

is not always to be expected that the improvement 

will be as small as this. A greater improvement would 

be shown when the fluid flow contributes a higher 

proportion of the loss in relation to that due to 
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the pressure. The effect of the motor stroke adjustment, 

in reducing the flow, would be to show a greater change 

in the losses. This condition will exist when the length 

of pipework between the pump and motor is large and ‘ 

when the output speed is high. In this case the pipework 

wag short and the output speed low, so that the system 

approached the worst case in this respect. 

The possible improvement in the efficiency must also 

be considered in relation to the level of power involved. 

The economic value of the optimising system is to be 

judged in terms of the value of the energy saved. 

For reasons of convenience the transmission system used 

in the tests was a small one, and it would be difficult 

to see.a justification for using an optimising system 

on such a small unit. It may well be however, that an 

economic situation would exist with much larger units. 

The dynamical properties of the transmission system 

have been shown to restrict the perturbation frequency. / 

The particular hydraulic system used in the tests was 

slow in dynamical response. This was due to three 

factors, 

(a) The fluid circuit was made up of flexible 

hose which contributes a large compliance. 

(b) The transmission controlled a load of high 

moment of inertis. 

(c) The response of the stroke setting mechanism 

was slow. 

The use of the feedforward control system developed 

in this case gives a considerable improvement on 

what could be achieved by regulating the output speed 

with feedback control alone. Even so the adjustment of 

cond 3



the motor stroke initiates transient speed changes. 

These changes of speed result in significant changes 

of the load torque, due to the high moment of inertia 

of the load. The dominant effect is then a change of 

the efficiency following from the change of torque. 

The choice of a ramp-function for the perturbation 

wave-form, rather than a square wave-form, reduces 

this effect significantly. But there is still a need 

to restrict the rate of stroke movement so that the 

efficiency will follow the stroke changes. For there 

to be any improvement in this limitation it would be 

necessary to re-design the transmission system having 

regard for the three factors listed above. 

Measurement noise has been identified as a significant 

* feature affecting the optimising system. This has been 

taken to mean the changes of the performance measure 

due to causes other than the operating conditions and 

the controlled variable. In this case the noise 

contributed in this sense was small. Such noise as 

existed was probably due to causes like the finite 

resolution of the potentiometer pick-off elements 

and aeration of the hyérvaulic fluid. In the test 

system the random fluctuations of measurement noise 

made a theoretical analysis impossible. The operation 

of the system was otherwise satisfactory, but it would 

be improved if the noise level could be reduced. 

 



9. CONCLUSION. 

The form of optimising system chosen for the application 

considered here wag one using a periodic perturbation 

of the controlled variable. In the design of the system 

it was necessary to devise a number of refinements to 

the basic form of system previously described in the 

literature. A triangular wave-form was used for the 

perturbation. This comvines the features that it is — 

simple to generate and does not impose too great a 

disturbance on the controlled plant. It is also possible 

to incorporate quite simply the constraints on the 

movement of the controlled variable. The need to filter 

the performance measure, chiefly to remove the mean 

component, has been met by developing a special form 

of filter. This filter operates by sampling the input 

signal and has the advantage that it will operate with 

-g@ low cut-off frequency. The need for this arises when 

the perturbation frequency is low so that the continuous / 

form of high-pass filter has complications. The process 

of demodulating the performance signal is required to 

generate the movement towards the optimum point. It 

has been possible to use a simple form of demodulator, 

involving only a biphase amplifier and a change-over 

switch. With these refinements the system has been 

reduced to one which could be manufactured comparatively 

cheaply but it is only adequate for the conditions 

where measurement noise in the performance signal is 

a ees 

gmall. 

The theoretical analysis of the system has been 

deveioped to take advantage of the simplifications 

which this new form of system introduces. The rate 

/of progress 
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made by the system in climbing the performance surface 

has been calculated. In addition the effects of 

continuously changing operating conditions was studied. 

The point of view adopted was that of the need to 

maximise the rate of progress towards the moving 

optimum point. A compromise is necessary in this 

situation. The need for rapid progress towards the 

optimum point due to the perturbation is set against 

the retarding action of the changing operating 

conditions. An optimum setting of the gain in the 

optimising control loop was then shown to exist. 

This analysis does not take quantitative account of 

the measurement noise and the conclusion reached is 

only valid when the noise level is low. 

An optimising system designed on these principles has 

been applied to maximise the efficiency of a hydraulic 

transmission. This has allowed the design requirements = ; 

to be interpreted in detail and in a numberof cases 

the requirements could only be met by a careful choice 

of equipment. Two subsidiary problems required solution. 

One was the control of the output speed of the 

transmission. A system involving a combination of 

feedback and feedforward signals was developed for 

this purpose. The introduction of the feedforward 

signals was shown to offer marked advantages over. 

what could be achieved with feedback alone. The other 

problem concerned the need to obtain a continuous 

measurement of the efficiency. This was done by using 

a self-balancing bridge system which represents a 

novel form of measuring technique. 
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The overall performance of the optimising system has 

been shown to have considerable practical limitations. 

In particular the rate of change of the operating 

conditions must be slow. This is to some extent an 

inherent limitation of the optimising system but some 

features of the transmission system used in the tests 

were not advantageous to this form of control. In this 

respect the results give a pessimistic view of what 

may be achieved by optimising control in more favourable 

circumstances. 

The further development of this research could persue 

the following lines. Firstly the design of the 

transmission system could be improved. A significant 

improvement would be obtained by replacing the electro- 

hydraulic control valves with ones giving a faster 

response. The feedforward control system used to 

regulate the output speed is capable of better 

performance. This could be achieved by dynamical 

compensation of the feedforward action. 

The sources of measurement noise have not been identified 

conclusively and further study could lead to a reduction 

of the noise present. The design of the optimising 

system has relied on the low level of noise and a 

quantitative assessment of its effect has not been made. 

Further insight might show how a quantitative account 

of the noise could be introduced in the design. 

The performance of the optimising system in following 

changes due to load variations has been studied. It would 

also be valuable to observe the performance in response 

to changes of the input speed. 
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APPENDIX 

The Appendix covers the essential details of the circuits 

used in implementing the test rig. This has required the 

control of the input speed to the pump and the load 

applied to the motor. The load was controlled by setting 

the armature current in the loading generator. Details 

of the hydraulic system are also given and the circuits 

used in the overall speed control system. Finally the 

arrangement for obtaining a continuous measurement of - 

the efficiency is described. 

1. ELECTRICAL DRIVE ARRANGEMENTS 

The specificationsof the motor required to drive the 

pump and the generator used to load the hydraulic 

motor are subject to the following considerations. 

1.1 LOADING GENERATOR. 

The generator must be capable of absorbing the 

power output of the hydraulic motor over a range 

of speeds. The range of operating conditions 

likely to be involved was assessed in Section (3) 

and the line A-B drawn on Fig.(3.6) indicates 

the maximum torque likely to be demanded at any 

speed. We note that the maximum torque is called 

for at the maximum speed,so that the maximum 

power rating of the generator is 8 h.p. at 

2000 r.p.m.. 

It was decided to run the generator at a constant 

armature supply voltage of 200 Volt and regulate 

the field to compensate for speed changes. This 

means that the maximum torque is demanded when 

the field is weakest and some de-rating of the 

machine is necessary to provide a reasonable 

= 298.



  

1.2 

speed range. A low speed limit of 750 r.p.m. was 

chosen to give a speed range of 2.67:1, the maximum 

range acceptable with a standard machine.. The 

specification of the loading generator then becomes:- 

Generator d.c. = 200 Volt 
30 Amp 
750 mn: 2000 r.p.m. 

In order to control the load torque it was decided to 

use a booster-generator in the armature circuit, with 

feedback control setting the armature current. This 

has the advantage of requiring the control of lower 

power by the field excitation amplifier than would be 

the case if the main generator field were controlled. 

This booster-generator must be capable of driving the 

full-load armature current against the resistance of 

the armature circuit. It was estimated that 40 Volt 

would be sufficient to do this. The specification of 22 —— 

the booster-generator then becomes:— a     Booster-—generator No.1 -— 40 Volt 
30 ‘Amp 
1500 r.p.m. 

Fitted with two field windings for push- - 

pull operation from a 24 Volt supply, 

each field winding to be capable of giving 

full output. 

DRIVE MOTOR. 

The limitations on the drive motor arise from the 

| requirements of the electrical machine rather than 

  

the pump. The limiting feature of the pump is the 

maximum speed limit of 3000 r.p.m.,.but as the maximun 

speed rating of standard d.c. motors is 2000 r.p.m. and 

this lower figure was taken as the operating maximun. 

To achieve a wide speed range it was decided to vary 
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both the armature voltage and the field current of 

the motor. The control of the armature voltage was | 

obtained by using a booster-generator in series with 

the armature. It was also convenient to use this 

booster-generator as part of a speed control loop 

regulating the motor speed. This has the advantage: of. 

requiring the control of lower power by the field 

excitation amplifier than would be necessary to 

regulate the motor field. Also the lower time constant 

of the booster-generator field makes the response more 

rapid. - 

With a fixed armature circuit supply voltage of 200 

Volt and + 100 Volt from the booster-generator the . 

motor speed range is 3:1. This range may be extended 

by an adjustment of the motor field to give a range , 

of 4:1. The speed range is then from 500 to 2000 r.p.m.. 

The power requirements are obtained from the pump 

characteristics given on Fig.(3.5). The demand is for : 

10 hep. at 2000 r.p.m. so that the motor specificatinn / 

becomes: —   Motor d.c. — 300 Volt 
1500 = 2000 r.p.m. 

LO Ties 

The booster-generator has the specification:- 

Booster-generator No.2 - 100 Volt 
30 Amp 
1500 Bar pM. 

Fitted with two field windings for push- 

pull operation fron a 24 Volt supply. 

With armature control it is necessary to check the 

maximum armature current overload i.e. when the 

booster-generator circulates a current limited only 

by the circuit resistance. This turns out to be 80 Amp 

2 sO54 So



  

  

which is an acceptable short term overload, so 

that there is no need to include extra resistance 

in the armature circuit to limit the current. 

2. CONTROL OF THE ELECTRICAL MACHINES. 

The general arrangement of the control circuit of the 

electrical machines is as shown on Fig.(A2.1). The 

motor and generator armatures are connected to the 

same 200 Volt supply, so that the load on this supply 

is only that necessary to meet the losses in the 

system and start the motor. 

It was necessary to design two field excitation 

amplifiers. One controlling booster-generator No.l 

in the generator circuit required an output rating 

of 1.5 Amp at 24 Volt. The other for booster-generator 

No.2 rated at 3 Amp. The circuit diagram of the 

amplifiers is given on Fig.(A2.2) where the output 

transistors are changed to OC29 when the lower current a 

rating is required. The linear range of the amplifier 

is t 150 mV at the input point. 

2.1 CHARACTERISTICS OF THE SPEED CONTROL SYSTEM. 

The detail of the speed control circuit for the 

motor is shown on Fig.(A2.3). The loop gain is 

such that full output from the booster-generator 

is obtained for a drop of 60 r.p.m. in speed. 

The closed loop transfer characteristic from the 

external input point is as shown on Fig.(A2.4), 

which indicates acceptable linearity over a 3:1 

speed range. The dynamical response is limited 

by the armature inertia and saturation of the 

booster-generator. The frequency response relating 

mi 2o5
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2.2 

the motor speed to the input to the control loop is 

shown on Fig.(A2.5), for an input amplitude of 2 Volt. 

The bandwidth of the response is 0.5 Hz. A step function 

input indicated that the maximum acceleration available 

is approximately 800 r.p.m./sec. The system is stable— 

so that the addition of a compensating network is not 

required,also saturation prevents any improvement in 

the speed of response by this means. 

GENERATOR CURRENT CONTROL SYSTEM. 

The detail of the armature current control system for 

the generator is given on Fig.(A2.6). The loop gain is 

such that the amplifier saturates with 2 Amp error in 

the armature current i.e. a 40 Volt change of the 

7 generator e.m.f. will produce only 2 Amp change of 

current. The steady state transfer characteristic 

relating the armature current to the external input 

voltage is shown on Fig.(A2.7).- It is noted that there 

is acceptable linearity over the required range of of 

+ 30 Amp. 

The dynamical response is limited by the field time 

constant of the booster-generator. A frequency response 

test with an input amplitude of 0.75 Volt gave the 

results shown on Fig.(A2.8); the bandwidth is 2 Hz. 

A step response test showed that the maximum rate of 

rise of the armature current was 45 Amp/sec. The system 

is stable without compensation and saturation limits — 

the speed of response to the maximum available with 

the circuit used. 
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3 HYDRAULIC SYSTEM. 

3.1 MACHINES 

The machines used in the test rig were Type IP 125 

units” with a special modification incorporated 

in the cam plate control mechanism. The modification 

was necessary to allow a measurement of the 

position of the servo piston to be made. It 

consisted of & sleeve locking the pilot piston to 

the servo piston so that the manual servo rod 

registered the position of the servo piston. 

Control of the servo piston was obtained Ped using © 

a solenoid operated ball-valve Type css3" é 

3.2 HYDRAULIC CIRCUIT. 

An outline of the hydraulic circuit is shown on 

Fig.(A3.1). The main circuit and the motor body 

are primed at 15 p.s.i. and a system of non= 

return valves directs fluid to the low pressure 

side of the circuit to make up the leakage flow. 

A high pressure relief valve is included with 

the non-return valves so that the system may 

operate in either direction of flow. 

  
It is required that the torque measured on the 

pump and motor body mountings should be the same 

as the shaft torque. To avoid torque on the. 

mounting due to unbalanced fluid flow, the main 

circuit is made up of two parallel paths. The 

full significance of this is explained in 

* Manufactured by Lucas Industrial Equipment Ltd. 
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HYDRAULIC CIRCUIT



Section (5) of the Appendix. 

The supply to the rig at approximately 300 p.s.i. 

provides the pressure line to the servo-piston 

control circuits. : 

3.3 STROKE CONTROL ARRANGEMENTS, 

Control of the stroke of the pump and motor is 

obtained by regulating the position of the servo- 

piston using a solenoid operated ball valve. This 

arrangement was described in some detail in 

Section (4.3). In order to link the stroke control 

mechanism to the main control circuits it was 

necessary to design an amplifier to energise the 

solenoid of each ball valve. The circuit diagram 

of the amplifier is given on Fig.(A3.2). The current 

in the solenoid varies between 160 mA and 360 mA 

to control the servo-piston, the lower value causing 

a movement towards zero stroke. A fixed stroke 

setting is maintained when the current is approximately 

half way between these limits. It is difficult to 

"measure the relationship between the current and 

the speed of travel of the servo-piston, as there 

is some hysteresis present. The maximum rate of 

travel is set up with an input of 2 wA either 

side of balance condition. The input resistance 

of the amplifier is low, of the order of 1 k&, 

To hold a fixed stroke setting it is necessary to 

use a position control system. A linear potentiometer 

was connected to the manual servo-rod,and hence to 

the servo-piston,to give a position feedback 

~t signal. The circuit detail of the position control 

system setting the motor stroke is given on 
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Fig.(A3.3), where the facility is included for 

switehing to maximum stroke for starting. The 

stroke setting is controlled from the movement 

of the reference potentiometer. This is also 

ganged to a second potentiometer which is then 

used to give the feedforward signal for the pump 

stroke control system (See Section 4.7). To 

obtain an indication of the stroke setting on 

the control panel of the test rig, a moving-coil 

instrument with 100 HA movement was connected to 

measure the voltage at point A in the circuit. 

The travel of the pick-off potentiometer was 

approximately half an inch and the control loop 

gain then gave the maximum rate of movement of 

the servo-piston with a position error of 

approximately 0.001 inch. The setting accuracy 

was therefore high and limited primarily by the 

linearity of the potentiometer (nominally 0.1%) 

and drift in the amplifier. The overall accuracy 

of the stroke setting was expected to be better 

than 0.5%. 

The circuit detail of the position control loop 

regulating the pump stroke is different from that 

of the motor and is shown on Fig.(A3.4). There 

is a facility for switching to zero stroke when 

starting the rig. The diagram also includes the 

details of the circuit of the speed control 

system from the output tachometer. The speed— 

position control switch changes the control of 

the pump stroke from the overall speed control 

system to an isolated position control system. 
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4. FEEDFORWARD AMPLIFIER. 

To implement the requirements of the feedforward 

system it was necessary to generate a signal of the 

form shown on Fig.(4.23). The circuit given on 

Fig.(A4.1) was designed to do this, The input signal, 

proportional to the pump speed, was derived from point 

A in the drive motor speed control circuit of 

Fig.(A2.3). Additional smoothing of the rectified 

tachometer signal is incorporated at the input. The 

set-zero and gain controls were used to set up the 

required form of transfer characteristic. 

5. MEASUREMENT OF EFFICIENCY, 

It was required to obtain a continuous measurement of 

the efficiency of the transmission system. This means. 

that the measuring system must operate automatically” 

and, as far as is known, this form of measurement has 

not previously been attempted. 

The measurement involves taking the ratio of output 

power to input power. The power in each case was 

obtained from separate measurements of torque and 

speed. Torque measurements are difficult to obtain 

accurately, but with careful design the strain gauge 

system adopted gave satisfactory results. The choice 

of strain gauges was dictated in this case by the 

need to perform the efficiency computation. It was 

convenient to do this by means of a servo-balanced 

bridge circuit. 

- 272 -



  

  

    
  

  

      
    

    

' | SET ZERO 

| 
i i oe 

{ -25 Vv 

1 

Task ay Sa “268k 

[SK I5 & { ae 0A2203 

AV VV oy =O 
: RR F Poke” ye 

(INPUT +! F oe ip 3 ee 
7 j % 

| 
o oO 

f 
| ALK a2ke 

QAI : ? 

+/1Oy 

FIG.(A4.1) 

FEEDFORWARD AMPLIFIER



An alternative system was considered, based on 

measurements of the electrical power in the armature 

of the drive motor and of the loading generator. This 

was finally discarded due to the difficulty of making 

accurate allowance for the losses in the electrical oe 

machines. The strain gauge system was also preferred 

because the measurement is made directly on the 

hydraulic machines and is therefore independent of 

the form of prime mover and load. 

The need to work with small signals from the strain 

gauge bridges gave rise to a decision to employ a 

50 Hz carrier system. This avoids the difficulty of 

drift in d.c. amplifiers. The carrier was introduced 

: by using a.c. tachometer-generators to measure the 

speed values. This has the further advantage of 

removing the problem of commutator ripple present in 

d.c. tachometer-generators,. 

5.1 TORQUE MEASUREMENT. 

There is difficulty in making measurements on 

the rotating drive shafts of the machines, due 

chiefly to the need to employ slip rings to 

transfer small signals. To avoid this it was 

decided to measure the torque on the bodies of 

the pump and motor, by mounting each on a torque- 

tube. In order that the torque measured in this 

way should be the same as the shaft torque it is 

necessary to eliminate two sources of error, 

(a) unbalanced fluid flow and (b) bending loads. 

(a) Unbalanced fluid flow. 

If the flow of fluid from the machine is 

taken from a point off the central axis, 

O78 ke



there will be a torque on the body resulting 

from the difference in pressure between the 

inlet and outlet ports. To avoid this two inlet 

and outlet connections were used, these being 

symmetrically placed about the axis of the machine. 

The detail of the machine construction is shown 

on Fig.(A5.1) and this, together with the hydraulic 

circuit given on Fig.(A3.1), makes the point clear. 

(bd) Bending loads. 

There is a bending load due to the dead weight 

of the machine and, in as much as this is constant, 

it could be eliminated in the electrical balancing 

of the strain gauge bridge. Varying bending loads 

may also be present due to mechanical unbalance 

of the rotating parts and these cannot be so 

eliminated. 

Both the effects may be eliminated by an 

appropriate arrangement of strain gauges. A system 

of eight gauges was used, these being placed round 

the circumference of the torque-tube as shown on 

Fig.(A5.2)(a). When connected in the bridge circuit 

as shown in Fig.(A5.2)(b), the bending strain will 

not unbalance the bridge. 

V 

The choice of material for the torque-tube required 

special consideration. Because the tube was necessarily 

of large diameter to accommodate the gauges and the 

torque was small, it was not possible to use steel. 

The shell thickness required in steel is then unreasonably 
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small. A material of high elasticity is required and 

the most suitable combination of properties is found 

in the thermo-setting polymer "Araldite" . The form 

of torque-tube used is shown in Fig.(A5.3). Iwo of 

these tubes were constructed by machining a cast 

cylinder of the material and efforts were made to 

ensure that as far as possible the two were identical. 

5.2 MECHANICAL DESIGN OF THE TORQUE-TUBE. 

It can be shown that for a cylindrical tube under 

torsional load the strain ¢ is given by, 

s 16 7 ( D 
€ ) 

Te Dt a 
‘iebaa «ak Os seen aes 

where T is the torque, G is the shear modulus, D is 

the outer diameter and d the inner diameter. The shear 

modulus of "Araldite" is 3.2 x 10° 1b/in-. It is 
required to find the diameters D and d. Taking the 

maximum torque of 24 lb ft and the strain limit of 

0.1% at this load, a trial and error solution gives 
" " 

As the tube was also to carry the dead weight of the 

machine it is necessary to check that the tube will 

be strong enough to support the torsion and bending — 

loads together. The maximum stress due to bending is 

The advice of Dr. D.H. Sansome of the Department of 

Mechanical Engineering, The University of Aston, on 

this point is acknowledged with gratitude. 
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given by, 

S, = ae) CERT E OR, Ore Re) 

where M is the bending moment applied. The machine 

weighs 20 lb and the centre of gravity is 6. from 

the remote end of the torque-tube so we get a bending 

stress of 260 1Lb/in*, The stress due to torsion has 

been fixed by designing for 0.1% strain and the shear 

stress is given by, 

5, = € G Oe ee alee Vai ees Cae 

The resolution of these stresses gives the maximum 

combined stress Sa 

Saad Teer e (A5.4) me. 2 +5 b + + eeeoeeaea eee e 

With the figures obtained above we get a maximum stress / 

of 480 Lb/in*. This is to be compared with a yield 

point of 9 x 102 1b/in® for the material. The factor 

of safety in this case is 19. 

5.3 ELECTRICAL DESIGN. 

The resistance value of the strain gauges is open to 

choice. This is subject to the need for high 

sensitivity in the bridge circuits. 1% can be shown 

that the output bh ar of the bridge on open circuit, 

ve is given by, 

Vj =Vy ke See asthe cv ake aeaeaeD 

where ve is the supply voltage across the bridge, 
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k is the strain gauge constant and e is the strain. 

In order to maximise Ye the gauge constant, the supply 

voltage and the strain should all be as large as 

possible. The gauge constant is fixed by the type of 

gauge. It was decided to use metal foil gauges rather 

than semiconductor gauges. The metal foil gauges have 

a lower gauge constant but are the more stable under 

changes of temperature, The strain is fixed by the 

mechanical design of the torque-tube and a maximum 

value of 0.1% has been taken to be consistent with 

reliable operation. The bridge supply voltage is 

limited by the power dissipation in the gauges. If the 

total power dissipated in the eight gauges is P, and 

the resistance of each gauge is R as the supply voltage 

is given by, 

Vv, =/28, P, Shcowsed hd tours hoe 

This shows that gauges of high resistance are to be 

preferred. Gauges of nominally 2.5 k2 resistance were 

used. The maximum power dissipation must be restricted 

in this case by consideration of the fact that the 

material on which they are to be mounted is a poor 

conductor of heat and can also be radically affected 

by high temperatures. A maximum dissipation of 4 Watt 

was taken and this leads to a supply voltage of 

140 Volt. This would only be used for short term operation 

and a continuous dissipation of 2 Watt was selected as 

the basis for further design calculations. 

On giving the gauge constant a value of 2, equation (A5.5) 

may be evaluated to give the maximum output voltage of 
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D4 

A 
280 mV at the maximum power dissipation, and 200 mV 

at the contiuous rating. 

EFFICIENCY COMPUTATION. 

To obtain the efficiency the ratio of the products 

of torque and speed at the output and input must be 

computed. This can conveniently be done using the 

arrangement shown in Fig.(A5.4) which is a servo- 

balanced bridge system. The pump bridge is supplied 

with a voltage proportional to the pump speed, so that 

the open circuit voltage output is proportional to 

the input power to the pump. Similarly a signal 

proportional to the output power of the motor is 

obtained from the motor bridge. To obtain the power 

ratio, and hence the efficiency, the two bridges are 

connected in a further bridge which is driven into 

balance by a servo-motor. 

A number of balancing adjustments are included in 

the circuit of Fig.(A5.4). The potentiometers RV1 and 

RV2 are fitted to allow an initial resistance balance 

to be obtained in each bridge when unstrained. It is 

also necessary to balance the stray capacitance and 

trimmers Ci and C2 are provided for this purpose. 

Careful attention to the wiring of the circuit is 

necessary with a view to keeping the stray capacitance 

as near to a balanced distribution as possible. 

It is intended that the position taken up by the servo- 

driven potentiometer should indicate the value of the 

efficiency. The precise relationship is identified in 

the following analysis. The necessary parameters of 
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the circuit are given in Fig.(A5.5), where r, and 7, 

represent the source resistance of the pump and motor 

bridges. The voltage sources ED and En are the open~ 

circuit uutput voltages of the bridges, which are 

proportional to the power values. The fractional 

movement of the balance potentiometer is shown as a, 

The unbalanced voltage e which is applied to the 

servo-amplifier is given by, 

E(t + a R,) - EAry + R) 
  es sicecat haar 

Ry + & Ra + r, a ra 

At balance e is zero and 

E r +¢aR 

e = ——— eR OPC is CP 

Pp ry + p 

This ratio is the required efficiency value Z which 

can be written, Pon 

R Y 
Le re ae + me er Gras) 

This shows that-a straight line relationship exists 

between Z and a. The correspondence between 2 and a 

cannot be very close as long as ry and r. renain 

finite but it is as well to make the relationship 

as close as possible. For instance it is desirable 

that a = 1 when Z = 100% . To give this we must have 

Yo Se ri +e A potentiometer RV3 is incorporated 

in the circuit of Fig.(A5.4) to allow this setting 

to be achieved by a differential adjustment of rh and 

ro The minimum value of efficiency which can be 

registered is set when a is zero. We then have, 
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Z= 3 rag pine Cac ced 4bs bud wees i eka? 

Pp Pp 

To make this small enough to allow an adequate range 

of measurement requires a high value of Ro In this 

case R_ was set to 25 k2 so that, with a and r 

nominally 5 k& the minimum indicated efficiency 

becomes 16.7%. A Wheatstone Bridge was used to set 

equality between Yr. and r mt giving at the same time 

an accurate value Por use in the calculation. A 

calibration graph can then be drawn relating the 

efficiency to the angle of rotation of the balancing 

potentiometer. This ig given on Fig.(A5.6). 

  

SERVO-BALANCING SYSTEM, 

This system is required to respond to the unbalanced 

voltage e of Fig.(A5.5), causing the servo-motor to 

drive the balancing potentiometer to the position 

where e is zero. The arrangement is shown in detail of 

on Fig.(A5.4). 

The loop gain of the servo changes with the value of 

the efficiency and with the power transmitted. These 

changes are evident in the gain of the servo-bridge 

circuit of Fig.(A5.5). The gain is obtained by 
differentiation of equation (A5.7) as, 

ER 
_ de pom ; 

Gea Ro+ ak, + ro + Ty sees dorsi owen? 

for small changes about the balance position. Here 

the gain G varies with z, and a. 

The minimum gain occurs at a = 1 when, 
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E Ro 
G = tte ee eee OS a eee 

min 
R R fe Te + I 

With the nominal values of resistances this gives, 

in 

aD 
Goin * fo ®p Stptec bhas¥ess sei tenemisenoeee 

The maximum gain appears at a= 0, 

  

Ey R. ’ ) 

G = oceoeroeeeeeeoeeee eee A5.14 

max Ry + ro +2, 

de oes 
i.e. Giax Soy Se ee a. es 

ee oe 

It can be seen that the variation of gain with a is 

not large by comparison with that due to Ee Since ED 

is proportional to the power input to the pump it may 

vary as much as 10:1 . This change of gain will affect 

both the setting accuracy and the dynamical performance > 

of the system. 
/ 

The setting accuracy is determined by the sensitivity 

with which a balance can be resolved. This is largely 

dependent on the sticking friction which the servo- 

motor must overcome beforea movement can take place. 

The unbalanced voltage required in the bridge,in order 

to produce sufficient torque to overcome the friction, 

determines the zone of uncertainty about the balance 

position. To make this zone acceptably small requires 

an appropriate choice of gain in the servo-amplifier. 
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The zone of uncertainty required is taken as t1% 

efficiency at minimum gain. It is assumed that the 

minimum value of the input power will be one tenth 

of full-load power. The bridge circuit was designed 

in Section (45.3) to give an output of 280 mV at 

maximum power, so that the present design calculation 

will be based on 28 mV. The value of the minimum gain 

is given by equation (A5.13) and takes the value 

dca ts oe 107° Volt. Hence a balance error of 1% will 

give an unbalanced voltage of 117 HV. The gain of the 

servo-amplifier must therefore be such that the servo- 

motor moves freely with this level of input signai. 

An amplifier designed for this purpose followed the 

circuit diagram shown on Fig.(A5.7). Particular attention 

has been given to obtaining the high gain required with 

freedom from 50 Hz noise. With this amplifier the 

sticking level of the servo-motor was 50 wV at the 

input and full output was obtained with 200 LV. The 

internal noise was equivalent to 4 wV at the input. 

This performance leads to the expectation that the 

zone of uncertainty will be 0.5% under the worst 

conditions. 

The need to work with such low input signals in this 

amplifier justified the choice of an a.c. carrier 

system. It would be very difficult to achieve this 

performance with d.c. amplification. It is also 

evident that precise balancing of the strain gauge 

bridges is required to keep the residual unbalanced 

voltage of each to a low value. 

= 280.60 
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The variation of the loop gain of the system also 

changes the dynamical performance of the servo. 

Instability is possible at the high gain condition 

and tachometer feedback is included to prevent 

oscillation at this extreme. It is unwise to use 

more than the minimum of tachometer signal however, 

since the speed of response is considerably affected 

when the loop gain is low. For instance, if the 

tachometer voltage at the input to the servo-amplifier 

is 1 mV at the maximum speed, the balance error would 

have to be 10% at the minimum gain before full speed 

is realised. This is about five times the error required 

for full speed in the absence of the tachometer signal. 

In practice it was necessary to set the tachometer 

signal to about twice this value. 

The speed of response can be increased by reducing 

the gear ratio between the servo-motor and the balancing 

potentiometer. A limitation to this is set by the hs 

requirement for a low sticking level since a considerable 

proportion of the sticking friction is due to the 

potentiometer. An effective ratio of 14:1 was used 

as the minimum consistent with the required zone of 

uncertainty. With this ratio the balance potentiometer 

was completely traversed in 0.5 sec at full speed. At 

low gain the settling time for a large error correction 

was about 2 sec. : 

The performance achieved in this way was considered 

adsquate in resolution and speed of response to 

meet the requirements of the optimising system. 
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§.6 SPEED SIGNAL AMPLIFIERS. 

The strain gauge bridges were designed in Section (A5.3) 

to operate with a maximum supply voltage of 140 Volt. 

It is required that this voltage be varied in 

proportion to the pump or motor speed so that the 

bridge output will be proportional to power. The 

output from a standard ort 50 Hz a.c. tachometer 

generator is approximately 7 Volt per 1000 r.p.m., 

so that amplification is needed in the supply to the 

bridges. 

An amplifier for this purpose requires chiefly a 

reliably maintained gain, low distortion, small phase 

shift and high input resistance. The input resistance 

is limited by the requirement that the maximum load 

placed on the tachometer-generator should correspond ~ 

to not less than 100 k2 resistance. The gain required 

is approximately 10. 

The form of amplifier designed for this purpose is 

shown in Fig.(A5.8). The gain is precisely defined 

by the turns ratio of the output transformer secondary 

windings, two of which fomthe feedback circuit. The 

input circuit is balanced because it is convenient to 

centre the tachometer voltage at earth potential in 

the rectifier circuit used in the speed control system 

of the transmission; see Fig.(A3.4). There is also 

an advantage in reducing distortion as the amplifier 

ia symmetrical. In addition to stabilising the gain, 

the feedback from the output transformer also ensures 

a high input resistance and low phase shift. 
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The cireuit gives an undistorted output of 170 Volt 

with an input signal of 30 mV on open loop. On closed 

loop the gain is nominally 10 so that the error voltage 

is 0.2% of the input . This is sufficiently small to 

ensure consistent performance inspite of changes of 

the open loop gain with temperature. The phase shift 

through the amplifier at 50 Hz was too small to be 

measured by normal methods. 

A means of adjusting the gain is provided by the 

ganged potentiometers in the input circuit. This 

adjustment raises the gain by reducing the feedback 

gain. 

-5.7 SETTING-UP PROCEDURE. 

A numberof adjustments were necessary to set up the 

efficiency measuring system ensuring accurate operation. 

(a) Balancing adjustment. 

The strain gauge bridges were first balanced with eh 

the resistance and capacitance adjustment under 

zero torque conditions. During this adjustment 

the bridges were supplied through their respective 

speed-signal amplifiers, since the stray capacitance 

of the amplifier output transformer can affect the 

bridge balance. 

The resistance RV3 im Fig.(A5.4) was set to 

equalise the resistance in the two arms of the 

servo-bridge circuit. A Wheatstone Bridge was 

used to compare the resistance values. The need 

for this setting was identified in Section (A5.4). 

2 
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(ov) Amplifier gain adjustment. 

Each of the strain gauge bridges has been designed 

to give an open circuit voltage proportional to 

the mechanical power. The efficiency measurement 

is made by comparing the voltages of the two 

bridges. For vhe efficiency value to be correct 

the proportionality constant, relating voltage 

to power, for each bridge must be the same. The 

proportionality constant involves the tachometer- 

generator constant, the strain gauge constant, 

the torque/strain constant of the torque-tube 

and the gain of the speed signal amplifier. 

Of these the amplifier gain is the most readily 

adjustable to compensate for differences in the 

other constants between the two channels. 

Differences in the tachometer-generator constants 

were compensated first. The relative gain of the 

two amplifiers was adjusted to equalise the voltages, 

supplied to the two bridges, when the pump and 

motor were running at precisely the same speed. 

In this the speeds were compared stroboscopically. 

At the same time the relative phase of the two 

voltages wag checked, by backing off the output of 

one amplifier against the other to form a difference 

signal. The phase error was found to be less than 

2° and this is adequate. 

The differences in the strain gauge and torque- 

tube constants were next compensated, by a further 

adjustment of the amplifier gain. To do this the 
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input of each amplifier was transferred to a 

reference supply. The two reference supplies were 

then adjusted to equalise the output voltages of 

the amplifiers. With the pump and motor rotating 

slowly, torque was applied to the motor sufficient 

to raise the hydraulic pressure to 3000 p.Sei.. 

In this condition it may be assumed that the 

torque 6n the two machines is the same when bota 

are set to maximum stroke, as the flow in the 

system is small. The relative gain of the amplifiers 

was adjusted to equalise the bridge output voltages, 

i.e. so that the balancing servo found the 100% 

position. 

5.8 GENERAL OBSERVATIONS. 

In designing the efficiency measuring system efforts 

were made to obtain as accurate a measurement as 

possible. It should be noted however that extreme 

accuracy is not important in this application. The J - 

optimising system seeks to locate the point of 

maximum efficiency and in this it is necessary only 

to detect a change of efficiency, i.e. the absolute 

value ‘is not important. The chief requirement is the 

repeatability of results. 

The main factor effecting the repeatability of the 

measurements is drift in the balance of the strain 

gauge bridges. A change of balance can be caused by 

temperature variations, particularly if the temperature 

is not the same round the torque-tube., The temperature 

will change with the power input to the gauges and 

~ this in turn depends on the pump and motor speeds. 
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To ensure consistent operation in this respect the 

bridges were energised at their nominal working 

voltage for half an hour before running the rig. The 

pridge balancing adjustment was then repeated before 

taking measurements, With these precautions it is 

expected that the results would be repeatable within 

1% of efficiency. : 
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