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Development of a Speed Stabilizer for Rapid Synchronization 
of Mini-Hydro Generator 

J.P. Karunadasa and D . G . Subas inghe 

Abstract: Several causes may affect a Mini -Hydro generator to shu t d o w n whils t in operat ion. They 
can be the earth faults in the electricity lines (mainly way tree leaves touching the transmission lines), 
l ightning, p lanned a n d u n p l a n n e d interrupt ions in that part icular area connect ing to the load bus of 
the distr ibution ne twork and for maintenance of the plant itself. To resume power export to the grid 
after each s h u t d o w n will require generator to synchronize with the grid supply . Since the generator 
Rotor-Turbine assembly is a heavy massed system and the viscous d a m p i n g is very low, stabilizing 
of rotor speed at the reference set point is a time taking exercise. The time taken for synchronizat ion 
will typically be in the range of 2-10 minutes depend ing on the p lan t design. This paper describes the 
work of au thors on the deve lopmen t of a speed stabilizer to minimize synchronizat ion t ime of a chosen 
Mini -Hydro generator plant. This involves the model ing of the entire plant, identifying of d a m p i n g 
strategies, des igning of power electronic switching circuit and associated closed loop control, MATLAB 
simulat ion for parameter fine-tuning and final site testing. The designed system introduces a controlled 
resistive load on die generator du r ing the synchronizat ion transient to expedi te settling. Test results 
confirmed the reduct ion of synchronizat ion t ime as expected. 

Keywords : Generator Synchronizat ion, Damping , Resistive Load 

1. Introduction 

Several causes may affect a Mini -Hydro 
generator to shu t d o w n whils t in operat ion. They 
can be out l ined as, earth faults in the electricity 
lines (mainly way tree leaves touching the 
transmission lines), l ightning, p lanned and 
unp lanned interrupt ions in that part icular area 
of the distr ibution ne twork and for maintenance 
of the plant itself. 

To resume power expor t to the grid after a 
plant s h u t d o w n , it is necessary to synchronize 
the generator with the grid supply , either by 
automat ic controls or by manua l means . In either 
process, the H y d r o Turbine r amps u p to near 
synchronous speed and dur ing this period the 
Inpu t valve (wicket gates for Francis and Kaplan 
turbines, runner blades for Kaplan turbines, or 
Nozz le jets for Pelton Turbines) starts to open in 
s teps so that the hyd ro turbine starts receiving 
energy to gradual ly accelerate the speed. The 
speed acceleration has limitations, de te rmined 
by the Penstock characteristics. The r amping 
per iod considered here is the t ime taken by the 
generator to r a m p u p the speed from stat ionary 
state to about 95% of the rated speed (or 95% of 
rated frequency, which is 47.5Hz). At this point, 
the synchronizat ion process begins w h e r e i tgives 
biasing signals to raise or lower the speed of the 
rotor to synchronize with the bus frequency. 

Synchronization time is the time between the 
end of r amping and the point of closing the 
generator breaker after synchronizat ion (at 50 
Hz). 

The time taken for rotor speed r amping will 
typically be in the range of 3-6 minutes and then 
generator synchroniz ing wou ld take another 
2-10 minutes depend ing on the plant design. 

1.1 Loss of Energy Production during 
Synchronization 

Most of the Mini -Hydro installations are run-of-
the-river type (not storage type) and therefore 
the a m o u n t of power genera ted at a given time 
d e p e n d s on the flow level of t he , s t r eam and 
availability of the water in the fore bay tank. 
Therefore, the loss of energy product ion dur ing 
a down t ime is not recoverable later by increasing 
the generator load factor. 
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The loss of energy production due to each plant 
shutdown is substantial when accumulated 
for a year. Even though the Ramping Period 
is constrained by the design of the plant itself, 
the minimization of synchronization period is a 
clear alternative to minimize the total downtime. 
Further as per the figure 1.1 the synchronization 
period is generally longer than the ramping 
period. Therefore, there is a reasonable 
potential to minimize the start up downtime 
by approximately 25-50% by optimizing the 
synchronization time. 

I 3 I 9 0 
Time/Min 

Figure 1.1 - Graph of a typical Generator speed Vs 
Time during Synchronization. 

The work described in this paper is about 
the development of a speed stabilizer that 
can dampen the rotor speed appropriately to 
stabilize it at a reference input within a desired 
time. The prototype stabilizer constructed for 
the chosen Mini-Hydro plant produced good 
results proving the concept and showing a 
reduction of synchronizing time. Mathematical 
modeling and MATLAB simulation formed 
the basis of estimating controller parameters. 
Manufacturer's literature gave values of some 
other parameters. 

The speed stabilizer developed in this project is a 
PI controller programmed in a PIC 16F877A with 
a power electronic circuit to switch a resistive 
load bank. The resistive load is switched on as 
the rotor speed tends to exceed bus speed and 
thereby imparts an electrical breaking effect 
on the rotor, which in turn stabilizes the rotor 
speed. 

2. Methodology 

2.1 Model of the Mini-Hydro Generator 

The main details of the identified project for the 
study are as follows: 

Capacity: 1MW, 415V, 50Hz, 750RPM, 8 pole, 
Synchronous Generator. 

Turbine: Francis Turbine, with 12 Numbers 
Wicket Gates 

Head: 100m 

Figure 2.1 - Model of the chosen Mini-Hydro 
Generator 

Figure 2.1 gives the mathematical model [1] of 
the system. 

J = Moment of Inertia of the rotor 
assembly, kgm2 

C = Viscous damping coefficient, kgm2/sec 
Os = Grid frequency converted to speed, 

rad/sec 
co = Speed of the rotor, rad/ sec 
coo = Near-synchronous speed at which 

system modeled, rad/sec 
R = Governor speed-droop, % 
Tc = Governor Time Constant, sec 
T H = Hydro turbine Time Constant, sec 
K G = Governor gain 
Pv = Change of Inlet valve position 
K T = Turbine Gain 
K ,a,b = PID parameters of the present 

synchronizer 
Pm = Mechanical power by turbine, W 
P L = Power supplied to the load (grid), W 
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2.2 Model of the Mini-Hydro Generator 
during Synchronization 

During the synchronization process the function 
of speed droop and automatic loading control 
(ALC) are disabled and the Synchronizer will 
govern the speed control of the system. 

Figure 2.2 - Model of the Mini-Hydro generator 
during synchronization. 

As shown in Figure 2.2, parameters involved in 
this model are K, a, b, TG, TH, KT, Pm, co, cos, 
J and C which are either derived or estimated 
using computational and experimental methods. 
At the summation block, and are measured 
quantities which are sensed from generator 
frequency and grid frequency respectively. 
Manufacture's datasheets gave the values of 
Moment of inertia J and time constant values 
TG and TH. Parameter KT depends on the value 
of Pm and it is estimated against the maximum 
possible value of Pm. PID values are derived 
using MATLAB simulation. 

2.3 Estimation of value for C 

Value of C is unknown and estimated 
experimentally, with reference to free 
deceleration test results given in Figure 2.3. 

Rotor Speed Vs Time under Viscous Damping 
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Figure 2.3 - Rotor Speed Vs Time when rotor 
spinning freely 

When the Turbine gate is closed, Tm = 0. Then, 
for the freely decelerating rotor, 

c = T i n © 

Where, Q is measured speed of Rotor in rad/s . 
Estimated value for C = 0.8 Kgm 2/sec 

2.4 Estimation of P 
m 

Since P m deals with absolute power values 
of maximum 1MW, it is required to find out 
an estimated values for P m and Kj. during the 
synchronization process. 

Maximum value of P m during synchronization 
estimated as follows: 

J: 250kgm2 

Time span: 15 sec 
Speed change: From 712.5 to 750.0 RPM 

(74.613 to 78.540 rad/s) 

p = 250 *(78.54 A 2-74.613 A 2) 
15 

P - 10,024 W 

2.5 Estimation of K, a & b using Matlab 

Estimation of the PID values of the synchronizer 
takes the present system's settling time as a 
design parameter. The MATLAB program uses 
an iterative method [3] to compute the optimum 
values for the parameters. Appendix 1 shows 
the MATLAB program used to find PID vales of 
the synchronizer. 

Es! i mated Umi-Slep rasp oris e of press ni Synchronizer 

1 See 

Figure 2.4 - Unit-Step response of present Mini-
Hydro Generator. 
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2.6 Model of the Mini-Hydro Generator 
with 'Resistive Load' in position during 
Synchronization 

I n t h i s s c e n a r i o , p o w e r e q u i l i b r i u m [2] of t h e 
h y d r o - t u r b i n e g e n e r a t o r i s a s f o l l o w s . 

0 ) 0 ) = 
(D 0(Js + C) 

— c 

Figure 2.5 - Model of Mini-Hydro Generator with 
'Artificial Load' during synchronization 

2.7 New PI controller to switch Resistive Load 

T h e f u n c t i o n of t h e n e w c o n t r o l l e r i s t o s w i t c h 
a r e s i s t i v e l o a d i n p r o p o r t i o n a l t o a c t u a t i n g 
e r r o r e(s) ( P r o p o r t i o n a l c o n t r o l ) t o i n c o r p o r a t e 
d a m p i n g t o t h e s y s t e m a n d t h e r e b y r e d u c e t h e 
s e t t l i n g t i m e . M o r e o v e r , it is r e q u i r e d t o s e t t l e 
t h e s y s t e m e x a c t l y a t r e f e r e n c e i n p u t l eve l , w h i c h 
is a t t h e g r i d f r e q u e n c y ( I n t e g r a t i v e C o n t r o l ) in 
o r d e r to s u p p o r t p r e s e n t s y n c h r o n i z e r fo r r a p i d 
s y n c h r o n i z i n g . I n t h i s c o n t e x t , h i g h s e n s i t i v e 
e r r o r - c o r r e c t i o n c o n t r o l a c t i o n r e s p o n d i n g to 
r a t e of c h a n g e of e r r o r ( d e r i v a t i v e c o n t r o l ) i s n o t 
a p p r o p r i a t e d u e t o t w o m a i n r e a s o n s . 

1. D e r i v a t i v e t e r m c o u l d a m p l i f y d i s t u r b a n c e s 
of i n p u t o r n o i s e a s t h e P I D i s n o t w e l l 
t u n e d . T h i s c a n p r o m p t o s c i l l a t i o n s o r t h e 
s y s t e m c a n b e c o m e u n s t a b l e . 

2. P I D c o n t r o l l e r w i l l p e r m i t f a s t c h a n g e s of 
l a r g e r v a l u e s of r e s i s t i v e l o a d , P e ( s ) o n t h e 
g e n e r a t o r w h i c h m a y d i s t u r b t h e v o l t a g e 
m a t c h i n g p r o c e s s of A V R . 

T h u s , a P I c o n t r o l l e r i s m o r e a p p r o p r i a t e t h a n a 
P I D c o n t r o l l e r for s w i t c h i n g t h e r e s i s t i v e l o a d , 
Pe(s) fo r t h i s a p p l i c a t i o n . 

2.8 MATLAB Program to Estimate K>, d 

I n o r d e r t o e s t i m a t e t h e PI v a l u e s of t h e p r o p o s e d 
n e w c o n t r o l l e r , t h e d e s i r e d s e t t l i n g t i m e of t h e 
n e w system and M a x i m u m o v e r s h o o t w i l l 

b e d e s i g n p a r a m e t e r s . T h e p r o g r a m u s e d in 
M A T L A B to e s t i m a t e PI p a r a m e t e r s [3] a r e g i v e n 
i n A p p e n d i x 2. 

Unrt-Slep response *hsn Pe(s) is connected 

Figure 2.6 - Unit-Step response of the Mini-Hydro 
Generator with Artificial load. 

3.0 Switching Circuit 

T h e n e w P I c o n t r o l l e r g e n e r a t e s c o n t r o l s i g n a l 
a c c o r d i n g t o t h e e r r o r e ( s ) d u r i n g s y n c h r o n i z a t i o n . 
F i g u r e 2.6 s h o w s t h e r e s p o n s e for a u n i t s t e p i n p u t 
of t h e s y s t e m . T h e PI c o n t r o l l e r p r o g r a m m e d 
i n ' P I C ' 1 6 F 8 7 7 A g e n e r a t e s a P W M s i g n a l a n d 
t h e D u t y F a c t o r is v a r i e d c o r r e s p o n d i n g to PI 
C o n t r o l l e r s ' o u t p u t c o n t r o l s i g n a l . T h e s w i t c h i n g 
f r e q u e n c y of t h e P W M s i g n a l is p r e - s e t i n t h e 
p r o c e s s o r a t 5 k H z . T h e m a g n i t u d e of P W M 
p u l s e s f r o m t h e p r o c e s s o r w i l l b e a t 0-4.8 V o l t s 
t h a t f e e d s t h e g a t e of I G B T [5] v i a a ' G a t e D r i v e r ' 
c i r cu i t . T h e r e f o r e , I G B T s w i t c h e s t h e l o a d i n a 
c o n t r o l l e d m a n n e r . 

- a > 

* QEr-

Figure 3.1 - Line Diagram of the Switching Circuit. 

R=13.5QX4 

560V 
DC 0.37 kW 

Figure 3.2 - Circuit of the DC Load Bank 
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F igure 3.3 - load b a n k , c o n n e c t e d t h r o u g h a 4 0 A / 4 P 
M C B 

Figure 3.1 shows the line d iagram of the 
switching circuit. 

A C input Voltage - 415 V m i s 
DC Bus Voltage - 560 V DC 
Max. DC load current at Duty Factor 1.0 

6 0 0 0 

560 

= 10.375A 

F igure 3.4 - A p i c t u r e o f 3 Phase Rect i f ier 

3 .2 I G B T G a t e D r i v e r C i r c u i t 

The max imum calculated Voltage and Current 
across the semi conductor switch in order to 
switch 6 k\Y resistive load will be 560 V DC and 
10.7 A respectively. The proposed frequency 
of the switching would be in the range of 1 
kHz-5 kHz. Figure 3.5 shows a summaery 
of device capabilities [6]. Based on power 
capabilities, switching speed, and considering 
gate controllability bv means of a voltage signal, 
an IGBT is decided and Toshiba-GT50J101 [11] 
selected. 

F igure 3.5 - S u m m a e r y o f s e m i c o n d u c t o r d e v i c e 
c a p a b i l i t i e s . Source : N e d M o h a n | 6 | 

PWM ou tpu t signal from PIC16F877A [10] (pin 
# 16) is isolated through the Optocoupler PC817 
[12] (see Figure 3.6) and connected to the gate 
at 15 Volts after amplification [8] th rough a 
switching transistor D313 [13]. 

_nr..; 

J U L 

F igure 3.6 - I G B T G a t e D r i v e r C i r c u i t 

3.3 Speed Sens ing Circuit 

As per the model shown in the f igure 2.5, 
it is required to sense the electrical speed of 
the grid supply cos and Genera tor supply co at 
the summat ion point to generate speed error 
signale(s). 
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3.4 I m p l e m e n t a t i o n of PI control ler 

Figure 3.7 - Diagram of Speed Sensing Circuit 

As s h o w n in Figure 3.7 two single-phase step-
d o w n transformers sense the cycle speed of both 
sources. The full wave rectified positive half Sine 
w a v e signal [9] with 9 V DC M a x i m u m Voltage 
feeds Pin 1 (1A) of the Schmitt Trigger [7]. At 
the Schmitt Trigger, high-level reference voltage 
is preset at 4.9V DC at Pin 14. All o ther N A N D 
gate pins IB, IC, I D are given logic 1 (4.9V 
DC). Thus , full wave rectified signal at Pinl is 
converted to Square wave pulses at Pin 6 (1Y). 

T w o Schmitt Trigger process the signals from 
grid supply and generator supply. The two 
square wave signals derived from them feed 
Pins 2 and 3 (PORT A, RAO and RA1) of the 
Microcontroller. 

Table 3.1 - Truth Table of 4 input NANDgate with 
Hysteresis. 

1A ( p i n l B f p m l C ( p i n l D ( p i n l Y ( p i n Reference G N D 
1) 2) 4) 5) 6) (pin 14) (p in 
Full wave 7) 
rectified 
sane wave 
input 
> 1 1 1 0 4 9V OV 
4 9 V ^ . 1 

1 1 1 1 4 9V OV 
ii ov - o 

Figure 3.9 - Model of continuous PI controller. 

Figure 3.10 - Results of continuous PI controller 
simulation. 

Digital implementa t ion of PI controller {4J 
a s sumes a sampl ing time Ts of 0.04 seconds 
(40ms) which is de te rmined by the t ime taken by 
CPU to detect a speed error between two digital 
pulse signals (from grid and generator sources). 
MATLAB code that converts con t inuous PI 
controller to digital PI controller is as follows: 

% tf of the new PI controller in S plane 

Kp=0.9; 

d=0.056; 

num=[0 Kp Kp*dJ; 

den=[0 1 OJ; 

PI_TFc=tf()iuni,den) 

PI_TFd=c2d(PI_TFc, 0.04, 'zoh') 

Result: Discrete-time Transfer function of PI 

r . „ 0.9z +0.899 Controller -

M 10.0ms 
24-Dec-08 16:38 

CHS I >.52V 
50.1187H: 

Sampling time: 0.04 sec 

Figure 3.8 - Square wave signal output from Schmitt 
Trigger, converted from Sinusoidal voltage sources. 
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Figure 3.11 Model of the system with discrete PI 
controller. 

Figure 4.1 - Frequency Vs Time during 
synchronization under normal operation. 

Then tested with the speed stabilizer and recorded 
the frequency Vs time during synchronization 
(see Figure 4.2). 

Figure 3.12 Results of discrete PI controller 
simulation for a step input 

The response curves of the discrete PI controller 
obtained in Figure 3.12 exhibits a small stair 
case shape in response curves (when zooming). 
However when compared with those of 
continuous PI controller responses in Figure 
3.10, both set of results are identical. Therefore, 
in the implementation of PI control algorithms 
in microcontroller, the system behaves like 
continuous because the synchronization is a 
slow process, and the sampling time 40ms is very 
small compared to settling time in the range of 
40-125 seconds. 

4 .0 R e s u l t s a n d C o n c l u s i o n 

4.1 Testing at Site 

The PI controller was set up at the site with 
power analyzer (model Flukel735) to take 
measure the frequency Vs time readings during 
synchronization. First, the generator started and 
synchronized in a normal operation without PI 
controller, and recorded the frequency Vs time 
readings (see Figure 4.1). 

Figure 4.2 - Frequency Vs Time during 
synchronization with speed stabilizer 

In this testing synchronizing time was 48 sec. 

4 .2 C o n c l u s i o n 

Test results indicate that the synchronization 
time after the introduction of speed stabilizer 
comes down to 48 seconds from the original 
142 seconds. This is a significant achievement 
as far as the goals of the projects are concerned. 
The frequency overshoot is also now low, down 
from 3.5 Hz to 0.5 Hz. 
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The t ime reduct ion saves the downt ime by 94 
seconds and accordingly the plant can generate 
addi t ional units of 360kWhrs per year assuming 
an average annua l plant factor of 30% and 46 
n u m b e r of plant s h u t d o w n s per year. 
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Appendix 1 - MATLAB program used to 
estimate PID parameters of synchronizer 

% Estimate values for PID [K(s+a)'(s+b)/s] of 
present synchronizer in ihe Governor and Turbine 
model 
7=250; 
Wo=76.18; 
O0.S; 
t=0:l:600; 
Tg-0.3; 
Tlt=3.0; 
a=0.2333; 
Kt=500O; 
for K=0.2:-0.01:0.01; "Astarts the inner loop to vary 
the a values 

for b~0.6:-0.001:0.001; %starts the inner loop to 
vary the a values 
numl*[K(a+b)*Ka*b'K]; 
denl=[0 I 0}; 
tfl=tf(numl,denl); 
num2=[Q01]; 
denl=[Q Tg I]; 
tf2=tf(num2,den2); 
num3=[0 0 1]; 
rfen3=[OTii3J; 
tp=tf(num3,den3); 
num4=*[0 0l]; 
den4=[0Wo'}Wo*C]; 
tf4=tf(num4,den4); 
tj5~tfl*tf2*tf3'tft'Kt; 
sys=feedback(tfi, 1); 
y=step(sys,t); 
m=max(y); 
n=min(y); 
ifm<1.35&m>0.99; 
break; % breaks the inner loop 
end 
end 
if m<l,3S & m>Q.99; 
break; % breaks the inner loop 
end 
end 
rl=l;u)hitey(rl)<Q.l,rl=rl+l;end; 
r2=lwhiky(r2)<0.9,r2=r2+l;end; 
Rise_time=(r2-rl)*l 
s=601; while y(s)>0.98 & y(s)<1.02; s=s-l;end; 
settlingJime=(s-l)*l 
maxjjvershoo t=m-l 
plot(t.y); 
grid; 
titleCEstimated Unit-Step response of present 
Synchronizer') 
xlabel('tSec') 
ylabel('Amplitude') 
aa=numlstr(a); %stringvalueof'a' to be printed on 
the plot 
bb=num2str(b); "Astring value of 'b' to be printed 
on the plot 
Wr=nHni2str(KJ; "Astring value of 'K' to be printed 

on the plot 
mm=num2str(max_overshoot); Xstring value of 
max^overshool to be printed on the plot 
rr=num2$tr(Rise_time); "Astring value of Risejime 
to be printed on the plot 
ss=num2str(settling_Hme); Xstring value of 
settling_Hme to be pr inted on ihe p l o t 
textQW.O.7, 'a='), text(150,0.7,aa) 
text(ll0,0.S;b=,),text(150,0£,bb) 
text(U0,03,'K='),text(150,0.3,kk) 
text(n0,0.25,,Maxovershoot='),text(250,0.25,mm) 
text(360,01,'Ri$etime='),text(450,0.1,rr) 
text(110,0,VSettling time='),text(250,0.1,ss) 
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sol=(sys] 
sol=[K;b]; 
a=a 
b=b 
K=K 
TF_of_Presen t= tfl *tf2 *tp 'Kt 

Results obtained from Matlab Program 

Rise_time = 35 
settling_Hme = 330 
maxjovershoot = 0.3475 

Total system Transfer function: 

1600 sA2 + 453.3 s + 18.66 

<»AS) _ 

1.714e004 sA4 + 6.29e004 sA3 + 
2.085e004s"2 514.2 s + 18.66 

a = 0.2333 
b = 0.0500 
K = 0.2000 
Transfer function of Synchronizer, governor and 
Turbine system: 

1600 s*2+453.3 s+ 18.66 

0.9 sA3 + 3.3 sA2 + s 

Appendix 2 - Program in MATLAB to 
estimate PI parameters of proposed controller 
% Estimate parameters for new [K(s+d)/s] controller 
(PI) when Pe(s) is connected 

}=250; 
Wo=76.18; 
C=0.8; 
t=0:l:90; 
Tg=0.3; 
77i=3; 
K=0.2; 
<i=0.2333; 
b=0.05; 
Kt=8000; 
Ke=6000; 
for Kp=0.9:-0.1:0.1; Xstarts the inner loop to vary 
tlie 'Kp' values 

for d=0.1:-0.001:0.001; "Astarts the outer loop to 
vary the'd' values 
numl=[K (a+b)'K a*b*K]; 

denl=[01 OJ; 
tfl=tf(iiuml,denl); 
num2=[001}; 
den2=[0Tgl]; 
tf2=tf(num2,den2); 
num3=[0 01]; 
den3=[0 Th 1); 
tf3=tf(num3,den3); 
tf4=tfl'tfl*tf3*Kt; 
%tfoftlie new PI controller 
num4=[0 Kp Kp*d}; 

den4=[0 1 0]; 
tJ5=tf(num4,den4); 
tf6=tp*Ke; 
Gc=parallel(tf4.tf&); 
num5=[Q01]; 
den5=lQWo'JWo*C]; 
Gp-tf(num5,den5); 
sys=fcedback(Gc*Gp, 1); 

y=step(sys,l); 
m=max(y); 

ifm<l.l &m>0.99; 
break; % breaks the inner loop 
end 
end 
ifm<l.l&m>0.99; 
break; % breaks the inner loop 
end 
end 
rl=l;whiley(rl)<0.1,rl=rl+l;end; 
r2=l;whitey(r2)<0.9,r2=r2+l;end; 
Rise_time=(r2-rl)*l 
s=91; while y(s)>0.98 &y(s)<1.02; s=s-l;end; 
Settling_time=(s-l)*l 
max_overshoo t=tn-l 
plot(t,y); 
grid; 
Htlef Unit-Step response when Pe(s) is connected') 
xlabel('tSec') 
ylabelf Amplitude') 
kk=num2str(Kp); "Astring value of Kp to be printed 
on the plot 
dd~num2str(d); "Astring value of d to be printed on 
the plot 
mm=num2str(max_overshoot); %string value of 
maxjovershoot to be printed on the plot 
ss=num2str(Settling_time); "Astring value of 
Settling_time to be printed on the plot 
rr=num2str(Rise_time); %string value ofRlseJtime 
to be printed on the plot 

text(21,0.9;Kp='),text(26,0.9,kk) 
text(21,0.7:d='),text(26,0.7,dd) 
text(21,0.5,'Max overshoot^),text(42,0.5,mm) 
text(21,0.3/Settling time=f ),text(42,0.3,ss) 
text(21,0.1r'Rise time=,),text(42,0.1,rr) 

sol=Isys] 
sol=[Kp;d] 
Kp=Kp 
d=d 
tf4 
TF_of_PMf(num4, den4) 
PIc2d=c2d(tp,0M,,zoh') 

Results obtained from Matlab Program 
Rise_time - 5 
settling_time = 42 
max_overshoot = 0.0994 
Transfer function: 

4860 sA4 + 1.969e004 sA3 + 6851 sA2 + 
321.1 s 

= 

1.714dm sA5 + 6.776e004 sA4 + 
3.894e004 sA3 + 6912 sA2 + 321.1 s 

Kp = 0.9000 
D = 0.0560 

Transfer function of PI Controller: 
0.9 s+ 0.0504 

s 
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