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ABSTRACT 
The paper presents an artificial neural network (ANN) based Proportional Integral Derivative 
(PID) controller for a superconducting generator (SCG) in a multi-machine power system. The 
studied power system includes a SCG and three conventional machines of different types and 
ratings. The SCG is controlled also by conventional PID, which is designed according to pole 
placement technique, implemented in its governor control loop. While, conventional generating 
units are controlled by different conventional excitation control systems. The ANN controller 
patterns are gathered from a simple unsupervised (self learning) ANN-PID using an optimization 
technique. To achieve a high degree of accuracy, the system is represented by a fairly detailed 
non-linear model. The simulation results reveal that, the proposed ANN controller is achieving 
further enhancement of the system performance in terms of damping increase and fast return of 
system variables to their nominal values over a wide range of operating conditions and under sever 
disturbances such as 3-phase short circuit, step increase in load, and 3-phase short circuit followed 
by one line outage compared to conventional PID controller. 
البحث يقدم شبكة عصبية اصطناعية على أساس حاكم تناسبي تكاملي تفاضلي للتحكم ولتحسين أداء نظـام قـوى                  

وقـد تـم    . كهربية متعدد الآلات مكون من آلة فائقة التوصيل إلى جانب آلات تقليدية مختلفة الأنواع و الأحجـام                
توصيل حيث انه يعتبر المسار الوحيد للـتحكم بهـا   تصميم هذا الحاكم وتطبيقه في دائرة منظم البخار للآلة فائقة ال   

وتم تدريب الشـبكة    . في الآلات التقليدية بحاكمات مصممة بالطرق التقليدية في دائرة التغذية الكهربية           ويتم التحكم 
بعينات تم الحصول عليها من شبكة عصبية اصطناعية أخري بسيطة باستخدام التعلم الذاتي              العصبية الاصطناعية 

وتدار الآلة فائقـة التوصـيل     . تعمل في أوضاع مختلفة لضمان الموائمة لظروف التشغيل المختلفة        ) ر الموجه الغي(
 .بواسطة نظام بخاري خاص ولتبسيط درجة تعقيد النظام يفترض ثبات العزم الميكانيكي للآلات التقليدية

تزويد الآلة   تم أيضاً . كل أجزاء النظام  في النتائج تم استخدام نموذج غير خطى تفصيلي ل         للحصول علي دقة عالية   
فائقة التوصيل بالحاكم التناسبي التكاملي التفاضلي التقليدي ودراسة أداء النظام في وجود مختلف أنواع الحاكمـات         
وتحت ظروف التشغيل المختلفة عندما يتعرض لبعض الاضطرابات مثل قصر ثلاثي الأوجه متماثل علـي احـد                 

و زيادة في احد الأحمال الكهربية أو قصر ثلاثي الأوجه متماثل مصحوب بخروج احـد               خطوط النقل المزدوجة أ   
والنتائج تشير إلي أن الحاكم المقترح يحسن من أداء النظام فـي ظـروف التشـغيل      .  عند مواضع مختلفة   نالخطي

ض عدد مـرات فـتح      المختلفة من حيث زيادة الخمد وسرعة عودة متغيراته إلي قيمها الأولية بالإضافة إلي انخفا             
 .وغلق صمام البخار ومن ثم زيادة العمر الافتراضي له

Keywords: Multi-machine power system control, Superconducting generator, ANN control. 
1. INTRODUCTION 
Stabilization of SCGs in multi-machine power 
systems is optimum choice to overcome the up-rating 
problems of conventional synchronous generators, 
which tends to use parameters adversely affect the 
system stability [1]. SCGs have many advantages 
over conventional synchronous machines as the 
capability of generating greater power with higher 
efficiency, possibility of generation at transmission 
line voltages, reduced size and weight and low p.u. 
reactance as well as environmental advantages due to 
reduced oil consumption and CO2 emissions [2]. 
However, SCGs have a complicated structure due to 
the fact that SCG field winding has a high current 
density which obviates the need for any magnetic 

circuit in the SCG. So, the armature windings are air 
cored. Also, a helium management system and two 
eddy-current screens are incorporated in the rotor 
field windings [3,4]. The outer screen acts as a 
damper for damping purpose and the inner screen 
acts as an electromagnetic shield that, shields the 
field winding from time changing magnetic filed [5]. 
In view of control, conventional machines are 
controlled via their excitation loops. While, SCG 
which has high hunting frequency and low inherent 
damping, requires a special attention and more 
considerations due to the field winding zero 
resistance and the corresponding extreme long time 
constant, which makes the SCG excitation control 
ineffective [6,7]. Hence, the governor control loop is 
the only permissible loop to enhance performance of 
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the SCG. Various conventional controllers with fixed 
parameters have been employed to control the SCG 
as phase advance, PI, and PID. These conventional 
controllers are designed at a certain operating 
condition. Due to the load changes or other 
disturbances, the power system operating conditions 
daily change. So, these fixed parameters controllers 
which insure good performance under a certain 
operating condition may be not suitable for other 
conditions. To maintain better performance under a 
wide range of operating conditions, self tuning 
adaptive controllers have been developed [8]. The 
self tuning controller design difficulty is summarized 
in the system suitable identification algorithm to 
imitate the actual system behavior in wide range of 
operating conditions.  
Research in ANNs has been recently active as a new 
means of processing and became the focus of much 
attention, due to their wide range of applicability and 
the ease with which they can handle complex and 
nonlinear problems. Also, ANNs have many 
advantages, as rapidity due to the parallel 
mechanism, the memorization ability, robustness, 
fault tolerance, and adaptability which have attached 
attention in many fields. Since 1989, ANNs 
methodology have capture and interest in electrical 
power engineering and it is promise to ensure 
effective ANN controllers, which can enhance 
system performance, if it properly trained. Many 
published researches have been developed ANN 
controllers for conventional generators and SCGs 
which trained using conventional schemes [9,10]. 
The object of this paper is to apply an alternative 
control approach using the ANN control strategy to 
improve the performance of the low inherent 
damping and high hunting frequency SCG in a multi-
machine power system. The ANN scheme was 
trained by patterns gathered from on-line simple 
unsupervised (self learning) ANN-PID attached in 
the governor loop using an optimization technique to 
minimize the system deviations under various 
operating conditions. The simple ANN-PID consists 
of one input, one hidden, and one output layers. 
However, the proposed ANN that attached to the 
SCG in its operation consists of one input, two 
hidden, and one output layers. The system 
performance with ANN controller on SCG is 
compared with others using conventional PID 
controller on SCG and at each case the excitation 
control with power system stabilizer (PSS) network 
is applied to conventional units. The simulation 
results illustrate that the system with ANN controller 
on SCG is more stable and robust when subjected to 
various disturbances in different operating 
conditions. 

2. STUDIED POWER SYSTEM 
The single line diagram of the studied electrical 
power system is shown in Fig. 1. The concerned 

multi-machine power system is a twelve buses, eight 
double-circuit transmission lines, four transformers, 
four generating units, and four load areas. All loads 
treated as lumped impedances and the transmission 
lines are represented by π method. The generating 
units are of different types and ratings as follow: a 
thermal unit 590 MVA (G1) is connected to busbar 1, 
a 1300 MVA nuclear unit (G2) attached to busbar 2, a 
2000 MVA SCG unit (G3) connected to busbar 3, and 
a hydro-electric 615 MVA unit (G4) at busbar 4. Each 
generator is linked to the system by a step-up 
transformer. Network parameters are shown in Fig. 1 
and Table 1. A MATLAB Simulink model has been 
built to simulate the studied system. The system non-
linear equations are solved using Runge-Kutta 
integration technique with 0.2 ms integration step. 
The generating units parameters are listed in 
Appendix A. 

3. CONVENTIONAL GENERATORS CONTROL 
In this study, conventional generators are controlled 
via excitation control using Various types of exciters 
with different ceiling voltages. In this control scheme 
the steam generator is equipped with fast acting 
thyristor exciter with negligible time lag. The other 
two conventional machines are equipped with rotary 
exciter type. A high gain automatic voltage regulator 
(AVR) is used with the exciter to control the 
generator terminal voltage. The block diagram of the 
excitation system for conventional generators is 
shown in Fig. 2. The excitation system parameters are 
listed in Appendix A according to the IEEE 
standardization.  
Under heavy load conditions the continuously acting 
of excitation systems produce a negative damping to 
the system oscillations. To eliminate that bad effect 
and in general to improve the system damping, an 
artificial network producing torque in the speed 
phase is introduced. The network used to add a signal 
that control the synchronous machine terminal 
voltage is called power system stabilizer (PSS) 
network [11]. The PSS is a lead-lag network with 
two time constants T1 and T2 and gain Gs. The PSS 
attached to the excitation system is shown in Fig. 2. 
The PSS parameters are designed individually for 
each machine [1]. The PSS transfer function is given 
by: 

1

2

1+T sys Gs∆ω 1+T s=  (1) 

where, ys is the control signal, and ∆ω  is the 
deviation in machine speed. The ratio T1/T2 is 10 
[11]. 

To reduce the order of the system, it is assumed that 
mechanical input torque to each conventional 
machine is fixed. 
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Table 1 Transmission lines parameters
Fig. 1 Single line diagram of the studied Multi-machine power system
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Fig. 2 Excitation system block diagram for 

conventional generating units 
4. SCG CONTROL 
Excitation control is ineffective in improving the 
performance of the SCG due to the very long time 
constant of its field winding and the shielding effects 
of the two rotor screens, which is designed to protect 
the superconducting field winding from armature 
transients, also prevents any events in the field 
winding to be effective at the stator winding. 
Moreover, the magnitude and rate of change of the 
excitation current and field flux must not exceed 
certain limits, otherwise the superconducting element 
goes normal (quench) [12]. So, this renders the 
necessity of considering only the governor control 
loop to enhance the system performance [9]. Adding 
positive damping via the governor loop is very 
difficult and requires a great deal of attention [13]. 
The SCG is driven by a three stages steam turbine 
system with reheat and fast acting electro-hydraulic 
governor. The model of the SCG turbine, and speed 
governor are illustrated in Appendix B. In this study 
conventional PID is used as well as the proposed 

ANN controller through a selector to connect the 
desired controller to the system as shown in Fig. 3. 
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Fig. 3 The SCG control system 
4.1 Conventional PID Controller 
The performance of the SCG can be improved by 
incorporating conventional controllers in the 
governor loop. The used conventional controller in. 
this study is the PID controller, which is designed 
according to the pole placement technique for the 
linearized model of the single SCG connected to an 
infinite bus [6,14]. The PID controller is introduced 
to enhance the system performance and to add 
positive damping.  
The closed-loop pole locations have a direct impact 
on time response characteristics such as rise time, 
settling time, and transient oscillations. The PID 
controller transfer function is given by:  

H(s)=Kp+
iK

s +sKd (2) 

where, Kp, Ki, and Kd are the PID controller 
parameters. The PID controller parameters values are 
obtained as 0.182668, 0.000125366, and 0.072285 
respectively. 
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4.2 ANN NETWORKS 
This section presents two different groups of ANNs. 
The first group is designed to obtain the patterns 
groups which, are used in training the second ANNs 
group. 

4.2.1 The Simple ANN-PID  
To obtain the values of PID parameters a simple 
ANN is established to control the system with 
weights and biases adjustment. The ANN parameters 
adjustment is done by minimizing the system 
performance index, which indicates the system 
deviation. The system performance index (p.index), 
which is the total sum of the system deviations 
multiplied by time as: 

0

= e(t)*tp.index

∞

∫
2
 (3) 

where, e(t) =Σ{output deviations in speed, rotor 
angle for each machine, and SCG valve position.}, t: 
is the time. 
The purpose of the simple ANN-PID net is to 
generate patterns at various conditions. the 
implementation of optimized ANN-PID controller 
that uses on-line tuning of the PID parameters based 
on an optimization technique that minimize the 
system deviations of the normal values [15]. The 
minimization of the performance index is accrued by 
the help of the Matlab function least-squares-non-
linear problem solver called " lsqnonlin" [16]. The 
inputs of the simple ANN are the SCG terminal 
active and reactive powers and its output is only one 
PID parameter as Kp, Ki, or Kd so, the simple ANN is 
repeated three times one for each controller 
parameter. Fig. 4 shows the construction of one net of 
that ANNs group, which consists of one input layer, 
one hidden layer (2-neurons) with a hyperbolic 
tangent sigmoid activation function, and one output 
with a pureline activation function.  

This ANN parameters are tuned at different operating 
conditions according to performance index 
minimization at each case. Now several values of Kp, 
Ki and Kd according to the SCG terminal active and 
reactive powers are obtained. These groups of 
patterns are shown in Fig. 5 for two different 
operating conditions. 

Pt
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Fig. 4 The architecture of one on-line simple ANN-PID 
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Fig. 5 The simple ANN-PID patterns groups 

4.2.2 The Proposed ANN Controller 
Another ANN is established to be trained on the 
results of the first simple ANN patterns. The second 
ANN, which is used for system control, consists of 
one input layer, first hidden (20-neurons) with 
hyperbolic tangent sigmoid activation function, 
second hidden layer (10- neurons) with log sigmoid 
activation function, and one output layer with a 
pureline activation function. Also, three ANNs are 
used, one for each controller parameter. The 
architecture of one of these ANNs is shown in Fig. 6. 
The complete ANN controller system is illustrated in 
Fig. 7. 
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Fig. 6 The architecture of one ANN 
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Fig. 7 The ANN controller with all components 

Back Propagation Algorithm  
The training algorithm used here is The Levenberg-
Marquardt back propagation approach. This approach 
procedures are: 
1- Enter the net training parameters shown in Table 2. 
2- Weights and biases initialization: in this step all 

weights and the thresholds to nodes (biases) set to 
small random numbers.  

3- Calculate the Jacobian matrix (J) that contains first 
derivatives of the network errors with respect to the 
weights and biases, the network errors vector (e) 
between the net outputs and the desired targets, the 
gradient (grad.), and the performance (Perf.) 
according to mean-square-error. 

i i ie ={Target  - net.out. } , Tgrad.= J  e J e , and 
N

2

i

i 1

1
Perf.= e

N =

∑  (4) 

where, N is the number of targets. 
4- Calculate dX vector denoted the increment in each 

weight and bias from the relation: 
dX=-(JT J + µI)-1 JT e  

where, J is the Jacobian matrix, I is identity matrix, 
e is the network errors vector, and µ is a damping 
factor, a non-negative scalar value adjusted at each 
iteration. 

5- Calculate the new values of the weights and biases 
from the relation: 

X k+1=X k+ dX 
6- Calculate the new performance, if the new 

performance is less than the previous then: 
a-Accept the new weights and biases (net 

parameters). 
b-Reduce µ by times of µ d i.e. µ=µ*µ d where, µd 

is the decrement in the damping factor. 

Else, don't change weights and biases and increase 
µ by times of µi i.e. µ=µ*µ i where, µ i is the 
increment in the damping factor  

7- Repeat step 2 to step 6 till the stopping criterion 
occurs. 

The Levenberg-Marquardt training technique exists 
in Matlab in m-file function called "Trainlm". 
Table 2 Network training parameters in Levenberg-

Marquardt technique 

Parameter Symbol Value 
Iterations (epochs) ---- 5000 
mean of error squared (goal) ---- 10-10 
damping factor initial value µ 0.001 
Decrement in damping factor µd 0.1 
Increment in damping factor µi 10 
Maximum damping factor  µmax 1010 
Minimum gradient value grad.min 10-10 

ANN Training  
The Levenberg-Marquardt algorithm is used to train 
the net for the simple ANN result patterns. the 
training of PID parameters against epochs are shown 
in Fig. 8. The figure illustrates that the goal reached 
for each parameter. 
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Fig. 8 The training of PID parameters 

5. Operating Conditions 
In this study, the multi-machine power system 
operates at two different operating conditions. These 
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two operating conditions are represented by each 
machine apparent power and bus terminal voltage as 
described in Appendix A as a result of load flow 
calculations. 
6. SIMULATION RESULTS 
The proposed ANN controller has been implemented 
for SCG in a multi-machine power system in its 
governor control loop and the system performance 
examined for various types of disturbances at 
different operating conditions. To illustrate the 
effectiveness of the proposed ANN controller a fairly 
detailed non-linear model of the system is used and 
the simulation results are compared with others, 
obtained using the conventional PID controller 
attached to SCG. Conventional machines are 
equipped with conventional AVRs with PSSs. The 
system response for a symmetrical three-phase short 
circuit for 100 ms duration, is shown in Fig. 9, for 
10% load increase at bus 5 for 100 ms is shown in 
Fig. 10, and for a symmetrical three-phase short 
circuit for 100 ms duration followed by one line 
outage of the double transmission line for 150 ms is 
shown in Fig. 11. These results illustrate that the 
ANN controller is more reliable than conventional 
controllers as it provide a good damping to the 
electro-mechanical modes of oscillations and all 
system variables quickly return to their initial values. 
Also, the SCG is the dominant machine in this 
studied system. So, enhancing its control system 
makes its performance better and the whole system 
performance becoming better. The improvement of 
the system performance with ANN controller is clear 
at the load step increase than the conventional PID 
controller. As, the ANN controller is dependable on 
the system operating conditions. 
7. CONCLUSIONS 
The paper presents an ANN methodology based PID 
controller as an alternative approach to improve the 
performance of a SCG in a multi-machine power 
system. Conventional generating units in the system 
are equipped with conventional control systems. 
While, SCG is equipped with proposed ANN 
controller in its governor loop. To overcome the 
conventional controllers fixed parameters problem, 
the data patterns are gathered from simple ANN-PID 
systems trained on-line at some different operating 
conditions when the system is subjected to 
disturbances. Then, the proposed ANN was trained 
using the obtained patterns from the on-line ANN-
PID. Then, the trained ANN controller is used to 
control the SCG. Also, a conventional PID controller 
designed using the pole placement technique for the 
SCG is used and the system results are obtained in 
comparative form with those obtained using the 
proposed ANN controller. The simulation results, 
show the effectiveness of the ANN controller over 
the conventional controller for various disturbances 

at a wide range of operating conditions in terms of 
damping increase, system variables fast return to 
their nominal values and less movements of the SCG 
governor valve. 
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9. APPENDICES 
Appendix A 
Superconducting Generator Parameters 

2000 MVA, 1700 MW, 3000 rpm 
Xd=Xq=0.5457 p.u. 
XD1=XQ1=0.2567 p.u. 
XD2=XQ2=0.4225 p.u., Xf=0.541 p.u. 
Xfd=XfD1=XdD1=XdD2=XD1D2=0.237 p.u. 
XqQ1=XqQ2=XQ1Q2=0.237 p.u., XfD2=0.3898 p.u. 
Ra=0.003 p.u., RD1=RQ1=0.1008 p.u. 
RD2=RQ2=0.00134 p.u. 
Field time constant=750 s 
H=3 KW.s/KVA 

Turbines And Governor System Parameters 
THP= TGM=0.1 s, FHP=26%,TIP=0.1 s, FIP=42% 
TLP=0.3 s, FLP=32%, THR=10 s, PO=1.2 p.u. 

Table (A-1) Conventional machines parameters 
Unit G1 G2 G4 
Xd (p.u.) 2.11  2.13  0.898  
Xq (p.u.) 2.02  2.07  0.646  
Xad (p.u.) 1.955  1.88  0.658  
XF (p.u.) 2.089  2.12  0.724  
XD (p.u.) 2.07  1.97  0.668  
XQ (p.u.) 1.93  1.88  0.457  
Ra (p.u.) 0.0046  0.0029  0.0014  
RF (p.u.) 0.00013  0.00092  0.00026 
RD (p.u.) 0.02  0.018  0.012  
RQ (p.u.) 0.024  0.0212  0.02  
H (kw.s/kVA) 2.32 2.52 5.15 

Table (A-2) Conventional generating units excitation 
and PSSs parameters 

Unit G1 G2 G4 
KA 200 400 200 
TA 0.3575 0.02 0.02 
Tf 1.0 0.04 1.0 
Kf 0.0529 0.05 0.01 
Efdmin -5.73 0.0 0.0 
Efdmax 5.73 4.46 7.32 
GS 0.03 0.03 0.04 
T1 0.15 0.15 0.15 
T2 0.015 0.015 0.015 

Table (A-3) The power system operating conditions 
operating point 1 operating point 2 Unit St (p.u.) Vt (p.u.) St (p.u.) Vt (p.u.) 

G1 0.21+j0.14 o1.01 0∠  0.46+j0.14 o1.01 0∠  
G2 0.5+j0.11 o1.01 4.1∠  0.3+j0.095 o1.01 -1.4∠
G3 0.7+j0.2 o1.01 5∠  0.6+j0.18 o1.01 0.9∠
G4 0.3+j0.26 o1.01 -1.4∠  0.35+j0.25 o1.01 -3∠

Appendix B 

Turbine and governor system for SCG  
The model of the three stages steam turbine with 
reheat and electro-hydraulic governor is the IEEE 
standard representation is shown in Fig. (B-1) .  

Fig. (B-1) Representation of turbine and governor system 
The mathematical model of the governor and turbine 
system is represented by a set of first  
order differential equations as: 

I-The Electro-Hydraulic Governors Equations: 
GM M

M

GM

U - G
G =

T
p  (B-1) 

GI I
I

G I

U - G
G =

T
p  (B-2) 

The valves travel and velocity limits are: 

M I
0 G , G 1≤ ≤ , and 

M I
6.7 G , G 6.7p p− ≤ ≤  

These rate change limits are based on the time 
required to reach the valves  positions to 100% which 
is 150 msec [5]. 

II-Turbines Equations: 

M O HP
HP

HP

G P -Y
Y =

T
p  (B-3) 

HP RH
RH

RH

Y -Y
Y =

T
p  (B-4) 

I RH IP
IP

IP

G Y -Y
Y =

T
p  (B-5) 

IP LP
LP

LP

Y -Y
Y =

T
p  (B-6) 

The mechanical torque is given by: 

m HP HP IP IP LP LPT =F Y +F Y +F Y  (B-7) 
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Fig. 9 Transient response to a 3-phase short circuit for a 100 ms at F2 followed by one line outage for 150 ms at 
operating condition 1 

ANN controller on SCG + PSS on conventional units
PID controller on SCG + PSS on conventional units  
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Fig. 10 Dynamic response to a 10% load increase at bus 5 for 100 ms at operating condition 2 
ANN controller on SCG + PSS on conventional units
PID controller on SCG + PSS on conventional units  
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Fig. 11 Transient response to a 3-phase short circuit for a 100 ms at F1 at operating condition 2 
ANN controller on SCG + PSS on conventional units
PID controller on SCG + PSS on conventional units

 




