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Abstract-The use of digital devices for normal operation and control in the electric utility industry is 
increasing at a fast pace. By nature, the operation of these devices is discrete and so continuous system 
analytical techniques are not applicable. This paper utilizes a technique, especially suitable for discrete 
systems, to analyse a real-time digital governor designed and built by the author. A comparison of 
theoretical results obtained by this method and experimental results shows good correlation. 

Steam turbine governor Digital analysis 

INTRODUCTION 

The trend toward the use of digital computers in power systems is well established. The first stage 
in the acceptance of a computer as a practical tool by the power industry is generally for system 
monitoring [I, 21. Carrying out such activities as data logging, monitoring variables, alarm 
checking, contingency evaluation and economic dispatch calculations represent the majority of 
computer applications. However, some segments of the industry have taken the step to on-line 
utilization of a computer system [3-81. Automatic digital control of processes where the time 
constant of the system is long is now reasonably common and in the power industry the power 
generating stations use computer monitoring and start-up on the thermal end [9]. Current efforts 
are directed toward boiler dynamic control using computers to optimize the behaviour of the steam 
turbine system. 

The electrical end of the utility system requires control and protection schemes which must have 
a relatively fast response. The use of mini-computers has been proposed for important substation 
control. Very fast response is required for system protection and in this field the work has generally 
evolved around schemes also suited to mini-computers. 

A digital computer system suitable for monitoring, control and protection of an entire power 
system has now become a possibility. Whatever the disadvantages, the advantages of compatibility 
and intercommunication throughout the system present possibilities for increased stability and 
security [4-51. However, the application of direct digital control to the generating unit had lagged 
somewhat in this development. Recently, a scheme for generation control using digital techniques 
has been proposed. A hybrid approach for generator excitation control is being used in countries 
of the former U.S.S.R. 

A mini-computer, operating as the dedicated direct digital controller of a generating unit, would 
have great flexibility of control and be formidable in the application of new techniques. This paper 
describes a technique for the design of a turbine-governor computer control system that is part of 
an overall scheme for generating unit control. In the proposed system, because of the operation 
of sampling, the variables are of two types, continuous and discrete. Such a system is analysed using 
z transforms. To conduct a test, a digital governor was constructed to control a micro-machine 
which has the characteristics of a steam turbine and alternator. A comparison of the theoretical 
and experimental test results shows that the proposed analytical technique can be used to predict 
the performance characteristics with a high degree of accuracy. 
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OVERALL SYSTEM 

The overall system is shown in Fig. 1. The components of the system consist of the turbine, the 
throttle valve or gate position and the digital computer that performs the governor control 
operations. Input information to the computer is composed of reference speed, feedback speed and 
power. The power signal corresponds to the droop characteristic for governors. 

By its nature, the computer control is to ease modifications, and this is represented in Fig. 1 by 
the addition of a stabilizing signal for future applications. 

The operation of a digital type governor is discrete. Its function is to form the required error 
signal and hence the output regulation setting. The basic formulation of a procedure suitable for 
the analysis of the discrete governor system is a major development of this paper. The technique 
is based on the z transform. 

DEFINITION OF THE L TRANSFORM 

For a continuous function, the Laplace transform of a time function e(t) is given by 

2+?(t)] = E(s). 

However, if e*(t) and E*(s) represent the sampled function of e(t) and the discrete form of E(s), 
respectively, the term E*(s) contains a factor eeT’, where T is the sampling period and s is the 
Laplace operator. This makes E*(s) a non-algebraic equation, and there is difficulty in obtaining 
the inverse Laplace transform. This difficulty is avoided by a change of variable to z, by letting 
z = eTs, that is, s = (l/T)ln z. In this case, z is a complex variable defined in a plane and is called 
the z transform operator. Therefore, the z transform can be obtained from the conventional s plane 
representation. Thus, the first step in the analysis is to convert the overall system diagram of Fig. 1 
to transfer function form. 

COMPUTER GOVERNOR REPRESENTATION 

The input information to the digital computer is summed to form a speed error signal which 
is multiplied by the required forward gain KD. The output from the digital controller can be any 
one of three forms: (i) increase, (ii) decrease, at a constant rate of one sample period, or (iii) no 
change in value during the previous interval. Correspondingly, in the time domain, the output 
signal from the digital computer can be expressed as 

o,(t) = K,f, -K,t or 0, (1) 

for increase, decrease or no change, respectively. Taking the Laplace transform of equation (1) gives 

D,(s)=$, -: or 0. 

1 t$z,, 1 , , Speed loop 

1 tiansd 1 

Feedback 1 

Throttle 
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Power loop transd 

Fig. 1. Overall system. 
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Fig. 2. System representation: (a) block diagram; (b) transfer function representation 

Figure 2 shows in a block diagram form the system of Fig. 1. To simplify the analysis, gate 
position feedback has been selected to provide a signal proportional to the power output. Transfer 
functions for the components of Fig. 1 external to the computer are taken from the literature 
pertaining to similar studies. The various transfer functions are: 

O,(s)=$ -K,s’ or 0. (2) 

Throttle valve or gate opening G,(s) = --A. (3) 
I 

Power loop or droop effect 
1 + T,s 

G,(s) = K, ___, 
1 + T,s (4) 

where the time constant T, is given by 

T  _KJs+KJz 
5- 

K2 
(5) 

(1) (2) (3) 
( 

Fig. 3. Signal flow graph representation of system with only speed input. 
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(I) 

Fig. 4. System signal flow graph with torque input. 

and KS is the droop variable: 

Turbine G3 (s) = A, (6) 
3 

Alternator G4(s) = A, (7) 
4 

where the time constant T, = H or inertia constant. 
The discreteness of the system is shown in Fig. 2 by the inclusion of open switches to represent 

the samplers which are zero-order hold. 

SYSTEM ANALYSIS 

The signal flow graph representation of Fig. 2 is shown in Fig. 3. The first stage in the analysis 
is to determine the function that relates input or reference speed to actual speed. Therefore, the 
torque input is omitted in this figure. It is introduced at a later stage by the method of 
superposition. 

The nodes describe system variables, and the branches describe system transfer functions. Since 
it is understood that the independent variable is s, the transfer function notation is simplified for 
convenience. 

The discreteness of the system must again be shown. So, in this case, sampled variables are shown 
by black nodes and continuous variables by white nodes. This is the first step of a method of 
conversion from the s plane to the z plane, as described in the literature. This is a powerful 
well-defined technique and is used in this paper. For clarity, the basic definitions are given in the 
Appendix. 

All elementary paths and loops of Fig. 3 contain a black node and are therefore of type 2. There 
are 5 paths. 

Paths 
The first is the path directly from Node 1 to Node 8: 

u$” = [l, 2,3,4,5,6,7, 81. 

The path transmittance for Path 1 is 

(8) 

Adding the leg through 

The path transmittance is 

P’:’ = nref*(DsG, G3G4). 

Node 9, Path 2 is 

u$*’ = [l, 2,3,4, 5,9,3,4, 5,6,7,8]. 

Pf)=n,r*(D,G,Gz)*(-D,G,GjG4), 

where * means that the whole quantity is sampled. 
Path 3 is formed by the leg through Node 10: 

up= [l, 2,3,4,5,6, 7, 10,3,4, 5,6, 7,8]. 

(9) 

(10) 

(11) 

(12) 
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The path transmittance is 

P\2)=n;,(D,G,G,G,)*(-D,G,G,G,). 

Path 4 is formed by using both legs: 

uf) = [l, 2,3,4,5,9,3,4,5,6,7, 10,3,4,5,6,7,8]. 

The path transmittance is 

pY’ = n~r*(D,G,G2)*(-DsG,G~G4)*(-DsG,G3G4). 

Path 5 utilizes the same legs as Path 4 but in the reverse order: 

ui2’ = [l, 2,3,4,5,6,7, 10, 3,4, 5,9,3,4,5,6,7,8]. 

The path transmittance is 

K, = 5 

I I I I I 
0 1 2 3 4 s 

Time (s) 

1.020 7 (b) 

1.016 -- 

” 1.012 -- 

% 1.008 +- K, = 1.0 

I I I I I 
0 0.75 1.75 2.75 3.75 4.75 

Time (s) 

1.020 - 
4 (c) 

1.015 -.’ K, =5 
2 1.010 ‘- K, = 0.35 
d 

I I I I l_ 
012345 

Time (s) 

Fig. 5. System response for a step change power: (a)-(c) theoretical. 

(13) 

(14) 

(15) 

(16) 

(17) 
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Fig. 6. System response for sudden opening of main circuit breaker: (4 and (b) theoretical. 
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Loops 
Taking Loop 1 as the simple case through Node 9: 

vy = [9,3,4,5,9]. 
The loop transmittance is 

Lf'=(-D,G,G,)*. 

Loop 2 is taken through Node 10: 

VP’ = [lo, 3,4, 56, 7, lo]. 
The transmittance is 

LP'=(-D,G,G,Gd)*. 

Loop 3 is taken through Node 9 including Node 10: 

~5~’ = [9, 3,4,5,6,7, 10,3,4, 5,910 

The transmittance is 

L$=(-D G,G,G,)*(-D,G,G2)*. s 

Loop 4 is taken through Node 10 including Node 9: 

vf’ = [lo, 3,4, 5,9,3,4, 5,6, 7, lo]. 

The transmittance is 
Li,2'=(-D,G,G2)*(-D,G,G,G,)*. 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 
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Determinants 
Since there are no Type 1 loops, the first determinant and subdeterminant are 

Det”) = 1; Detj’) = 1, for any j. (26) 

The second determinant is 

Det(*)=l-L,-L,-L,-L,+L,L,, (27) 

from the definition in the Appendix A with L, and L, not connected. 
In transfer function form, Det(*) simplifies to 

Det(*)= 1 -[(-D,G,G2)*+(-D,G,G~Gq)*+(-DD,G,G~Gq)*(-DD,G,G2)*]. (28) 

Subdeterminants 
Subdeterminants of the paths are as follows. Path 1 has no included loops. Therefore, 

Det$*) = Det(*) . (29) 

For Path 2, any loops containing Node 9 must be omitted from the determinant to form the 
subdeterminant: 

Det’,*‘= 1 -L,= 1 -(-D,G,G3G4)*. 
For Path 3, the subdeterminant must not contain any loops with Node 9 or Node 10: 

Detj*) = 1 - L, = 1 - ( - D,G, G,)*. 

The Path 4 subdeterminant cannot contain any loops with Node 9 or Node 10: 

Detf’ = 1 9 

and the Path 5 subdeterminant is the same: 

Det$*) = 1. 

Output function 

(30) 

(31) 

(32) 

(33) 

The output function is defined in the Appendix. From equations (26) 

Det(‘) 1 
Det!“=. 

J 

(34) 

This simplified the output function C to 

i Pi Detj*) 
C=‘=’ 

Det(*) 

P\*’ Det\*) + Pi*) DetP) + Pi*) Det$*) + Pa) D&i*) + pi*) Det’,*) 
= 

Det(*) (35) 

As described above, equation (35) is the function that relates the reference speed to the output 
speed. The effect of input torque is now to be included using the method of superposition. 

Torque effect 
Figure 4 gives the signal flow graph equivalent to Fig. 3, except that the input is the system 

torque. 
There is one Type 1 path, so the nodes are 

u’l” = [l, 6,7,8] 

and the path transmittance is 

P’I” = TLG4. 

The Type 2 elementary paths are 

u{*’ = [l, 6,7, 10,3,4, 5,6, 7, 81, 

(36) 

(37) 
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u$*) = [I, 6,7, 10,3,4,5,9,3,4,5,6,7,8], (38) 

and the path transmittances are 

P\*)= (TLG4)* (-D,G,G,G,), (39) 

P$*‘=(T,G,)*(-D,G,G,)*(-D,G,G,G,). (40) 

There are no Type 1 loops, and the Type 2 loops are exactly the loops obtained from Fig. 3. 
Therefore, the loops in equations (19), (21) (23) and (25), describe Fig. 4, and the value of Det(*’ 
is given by equation (28): Also, 

Det{*) = Det(*). 

Path 2 does not include any loops containing Node 9. The subdeterminant is 

Det$*)= 1 -(-LI,G,G,G,)*. 

The subdeterminant for Path 3 must not include loops containing Nodes 9 or 10. Thus, 

Det$*) = 1. 

There are no Type 1 loops, so 
Det”’ 
Det’l’=l. 

As there are a total of three elementary paths, the output expression becomes 

1 Pi Det(*) 
c=‘=’ 

Det(*) 
= P, Det(*) Det’*) + PI*) Det{*’ + Pi*) Det$*) 

Det(*) , 

(41) 

(42) 

(43) 

(44) 

(45) 

where the path transmittances and determinants are as defined immediately above. 

OVERALL OUTPUT FUNCTION 

Employing superposition, the overall output function can be obtained by adding equations (35) 
and (45). By substituting in equations (35) and (45) the values of the path transmittances, the 
determinants and subdeterminants derived above and by suitable mathematical manipulation, the 
expression for speed n can be simplified to 

a*nzr+ b*Tt 
n= 

Y* ’ 

where 

a* = (D,G, GjG4)*, (47) 

t 
Im 

- 
1 

Re 

Fig. 7. Stability region in z plane. 
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Fig. 8. Location of poles for test conditions of Fig. 5. 

549 

5(a) x 
5(b) . 
5(c) 0 

b* = (G,Ds>* (G, GGD,), (48) 

y = 1 + (D,G, G2)* + (D,G, G,Gd)*. (49) 

From equations (2H7), equation (47) becomes 

KD KI K3 K, K, K3 1 
a = S3T,(l + T,s)(l + T3s) 

=--- 
TaT, T, s3(s + t,)(s + I,)’ (50) 

where t, = l/T, and t, = l/T,. Equation (50) can now be factored and z transformed utilizing the 
method in section “Definition of the z transform” above, so that 

a*nzf= n z K,K,K, 

( 

AZ BzT 
“‘Z_l z - 1+ (z - 1)2+ 

CT*z(z + 1) + Dz Jf3 
2(z - I)3 (z _ eprIT+ (z _ em139 

> 
’ (51) 

where 

t: + t, t, + t: 1 
A = tit: 

, BE-t’, 
t:t: 

C=&, D= 
t:(tl - t3) ’ 

E= 
1 

at3 - t,). 

Similarly, substituting from equations (2)--(7) in equations (48) and (49) gives 

b=%+ K,K,K,(l+ T,s) 
T&S3 K2T,s3(l + T,s)(l + T2s)’ (52) 

y=l+a+ K, K,(l + T,s) 
K,.s,(l + T,s)(l + T,s) ’ (53) 

Fig. 9. Effect of forward and feedback gains on system behaviour. 
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x Corresponding to Fig. 9(b) 
??Corresponding to Fig. 11 

Fig. 10. Location of poles for stable and unstable system. 

By using the above procedure, the z transform of a and b can be obtained. Output speed from 
equation (46) can now be expressed in the form 

(54) 

where p,,, . . . , p6 are the roots of the numerator of equation (53). Equation (54) can be partially 
fractioned and, using the inverse z transform, gives the time response n(t). 

DIGITAL SIMULATION THEORETICAL RESULTS 

The proposed turbine-governor computer control system was analysed by the mathematical 
technique described above. To test the validity of the results, tests were conducted on a digital 
governor that had been constructed to control a laboratory-scale generating unit. Theoretical results 
for the step change in power from 0.6p.u. to 0.2p.u. for various forward and feedback gains are 
shown in Fig. 5. Similar results for a sudden opening of the main circuit breaker with the generator 
initially supplying a load of 0.4 pu are shown in Fig. 6. A comparison of the various test results show 
a very good correlation between the theoretically predicted and the actual response of the system. 

STABILITY STUDIES 

A valuable insight into how various parameters affect the overall system performance and 
stability can be gained through the study of equation (54). The definition of stability, as used here, 
is that a system is stable if, for any bounded input, the corresponding output is also bounded. This 
can be translated to the z domain in which a stable system is one in which the poles of a function 
G(z) must exist within the unit circle of the z plane, that is, within Iz 1 = 1. Diagrammatically, this 
is depicted in Fig. 7. The poles corresponding to each of the three tests shown in Fig. 5 for the 
seventh-order system of equation (54) are plotted in Fig. 8. It will be observed that all the poles 
lie within the unit circle, and the system is stable in each case. 

Fig. 11. System performance with a stabilizing signal. 
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The two important parameters affecting the system performance are the forward and feedback 
gains. They were varied until the system was critically stable (Fig. 9(a)) and unstable (Fig. 9(b)). 
The poles of equation (54) corresponding to these test conditions are shown in Fig. 10. It can be 
seen that, in the case of test conditions corresponding to Fig. 9(a), two poles lie on the unit circle. 
For the test conditions of Fig. 9(b), four poles lie outside the unit circle, thus indicating analytically 
that the system is unstable. In the actual test, the machine lost synchronism, but because of the 
strong system ties, it pulled back after two pole slips, as seen in Fig. 9(b). 

The effect of applying a stabilizing signal proportional to the output power, with forward and 
feedback gains corresponding to the test conditions of Fig. 9(b), is shown in Fig. Il. Even though 
the damping is low, the system does not lose synchronism. The corresponding poles are shown in 
Fig. 10, and it will be noticed that all the poles lie within the unit circle. It should, however, be 
emphasized that these test results are not meant to depict the optimum conditions but are intended 
only to illustrate the usefulness of the proposed technique for the analysis of discrete systems. It 
is now proposed to perform extensive studies to finalize the design of the digital governor and study 
the effect of various types of stabilizing signals. 

CONCLUSIONS 

A mathematical technique to study and analyse the operational behaviour of a digital computer 
turbine-governor control system has been described. A comparison of the theoretical results with 
test results on a physical model shows that the results obtained from the proposed analytical 
technique are fully acceptable in predicting the behaviour of the system. 

The procedure uses the well-established z transform technique and is fairly straightforward to 
apply to any similar sampled data system in which some of the variables are discrete. After the 
system has been reduced to a form similar to equation (54), questions of practical importance, such 
as the desirable gains, sample times and stability, can be studied easily. 
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A path transmittance : P is the product of the individual transmittances of a sequence of branches G,, G,, , such that 
the terminal node of each branch coincides with the initial node of a succeedine branch. 

APPENDIX A 

A path u denotes the nodes in the path transmittance P. 
A loop u denotes a path in which the initial node coincides with the terminal node. 
A loop transmittance is the sequence of branches denoted by loop nodes. 
“Type I” refers to paths and loops with only white nodes and are denoted by a(‘) and u(l), respectively. 
“Type 2” refers to paths and loops with at least one black node and are denoted by u(*) and u”), respectively. 
The first determinant Det(‘) of a graph is defined by 

Det(‘) = I -C Lj’) + C LI’)Lj’) _ C Li’)Lj’)Li’), (Al) 
where XL, is the sum of the loop transmittances of all Type I loops, ZI,,l’lLj’) is the sum of the products of loop 
transmittances of all non-connected Type I loops taken two at a time, and so on. 

Similarly, the second determinant Detol of a graph is defined by 

Det@) = 1 - c Lt2’ + 1 ,5i*)L:2). (A21 
The output function C can be expressed in the previous terms as 

__&,I, 1 P, Detj2’ 

c= vet>.’ 
&@‘=‘Det,2’ ’ (A3) 

where P, is the path transmittance of any path (Type 1 or Type 2) and Detj*) is the subdeterminant of the path r+. Detj’) 
is obtained from Det”’ by omitting all terms containing loop transmittances of the loops t$‘) connected with the path ui 
and represents the operations of multiplication of Det>‘)/Det’n by each segment transmittance appearing in E P, JBetj2’/Det’2’. 
For more than one input, the method of superposmon can be used. 
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APPENDIX B 
System parameters are as follows: 

D.C. machine : 
R,=O.ll p.u., x, = WL, = 0.3 p.u., 

1 p.u. armature voltage = 220 V 

1 p.u. armature power = 2.4 kW, 

1 p.u. field voltage = 25 V, 

1 p.u. speed = 1800 rpm. 

Synchronous machine constants, per unit: 

x, = xq = 1.20, r,, = Qq = 0.0114, 

X,,,,,=Xq= 1.125, r,=r,,=O.O0271, 

x, = I .47, r, = 0.000869. 

T,=O.2s, T*=l.Os, T,=O.Ss, T,=4Ss, T,=OSs. 

K, = 5, 4 = 0.05, K, = 5. 


