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ABSTRACT:This paper presents the improvement of sensitivity of a system based on human heart, using PID tuning 
method. The Ziegler-Nichols method is used for PID tuning.  For better result it is required to get desired performance 
specification in term of achieving maximum overshoot and specified settling time of the closed loop response .The 
proposed transfer function of heart and pacemaker is used in this paper with PID tuning to increase the sensitivity and 
Jury’s test which is a stability test used for Z domain stability has also been applied to analyse that this system is also 
stable in Z domain. 
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I.INTRODUCTION 
 

Electronics pacemaker for human hearts regulates the speed of a heart pump. A proposed close loop system that 
includes a pacemaker and a measurement of the heart rate is shown in fig below [1]. The process of selecting the 
controller parameters to meet given performance specifications known as controller tuning [2]. In spite of all the 
advances in control over the past 50 years the PID controller is still the most common controller The PID tuning 
method is used to get the better simulation of the proposed control system [3].The most important reason behind this 
PID tuning approach is due to its simple control structure and satisfactory results. Ziegler-Nichols suggested rules for 
PID controllers. Here Ziegler-Nichols (Z-N) tuning rule is chosen as it is easy to implement during MATLAB 
simulation. In this tuning approach Z-N (PID Tunning) Method is used which is efficient and appropriate a system. 
 

II.SENSITIVITY ANALYSIS 
 

The parameters of a control system have a tendency to vary due to change of environment conditions and this variation 
in parameters affects the desired performance of control system .The term sensitivity in relation to control system gives 
an idea of the system performance as affected due to parameter variations. Let the variable in a control system which 
changes its value be A such as output and this change is considered due to parameter variation of element K such as 
gain or feedback, then the control system sensitivity is expressed as- 
 
Sensitivity=% ௖௛௔௡௚௘ ௜௡ ஺

% ௖௛௔௡௚௘ ௜௡ ௄
 

In mathematical terms sensitivity is written as: SK
A= డ஺/஺

డ௄/௄
 

The Sensitivity function for the overall TF M(s) with respect to variation in G(s) is written as: 
SG

M= డெ(௦)/ெ(௦)
డீ(௦)/ீ(௦)

 

Or, SG
M=ீ(௦))

ெ(௦)
. డெ(௦)
డீ(௦)

 
 
(a) Sensitivity for Open loop control system:In figure 1the basic block diagram of Close loop control systemare given 
below- 
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Fig 1: Open loop control system 

 
For the system the overall TF is M(s) =஼(௦)

ோ(௦)
= G(s) 

Or,  ெ(௦)
ீ(௦)

= 1 
Differentiating M(s) w.r.t G(s), 
డெ(௦))
డீ(௦)

 =1 
Therefore, the sensitivity for an open loop control system is obtained as:  
SG

M=ீ(௦))
ெ(௦)

. డெ(௦)
డீ(௦)

= 1 
 
(b)Sensitivity for Close loop control system: The basic block diagram of Close loop control system are given below in 
figure 2. 

 
Fig 2: Close loop control system 

 
For the system the overall TF is M(s) = ீ(௦)

ଵାீ(௦)ு(௦)
 

 
Differentiating M(s) with respect to G(s), 
డெ(௦))
డீ(௦)

 = ଵ
[ଵାீ(௦)ு(௦)]మ

 
Therefore, the sensitivity for a closed loop control system is obtained as: 
SG

M=ீ(௦))
ெ(௦)

. డெ(௦)
డீ(௦)

=  ଵ
ଵାீ(௦)ு(௦) 

 
Comparing sensitivity functions, it is observed that the sensitivity of the overall TF with respect to forward path TF in 
the case of closed loop control system is reduced by a factor 1 +  as compare to open loop system. [4] (ݏ)ܪ(ݏ)ܩ
 
(C) The sensitivity of overall TF M(s) with respect to feedback path TF: 
 
The sensitivity of overall TF M(s) with respect to feedback path TF H(s) is written as:  
SH

M= డெ(௦)/ெ(௦)
  డு(௦)/ு(௦)

, Or, SH
M=ு(௦))

ெ(௦)
. డெ(௦)
డு(௦)

 

For the closed loop control system the overall TF is M(s) = ீ(௦)
ଵାீ(௦)ு(௦)

 

Differentiating M(s) with respect to H(s),డெ(௦))
డு(௦)

 = ீ(௦)మ

[ଵାீ(௦)ு(௦)]మ
 

Therefore SH
M= − ீ(௦)ு(௦))

ଵାீ(௦)ு(௦)
 

Comparing sensitivity functions, it is concluded that closed loop control system is more sensitive to variations in 
feedback path parameters than the variation in forward path parameters. 
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III.SENSITIVITY ANALYSIS FOR THE GIVEN SYSTEM 
 

(a) Sensitivity of overall transfer function with respect to forward path is given by: 
 
SG

M= ଵ
ଵାீ(௦)ு(௦)

SG
M= ௦మାଵଶ௦

௦మାଵଶ௦ାଵଶ௄
 

Putting s= jω and K=10(given) [3] we getSG
M= ିனమାଵଶ୨ன

ିனమାଵଶ௝னାଵଶ଴
 

Consideringω = 1rad/sec,SG
M= ିଵାଵଶ୨

ିଵାଵଶ௝ାଵଶ଴
= 0.9 

 
(b)The sensitivity of overall TF(M) with respect to feedback path TF (H) is given by: 
 

SH
M= − ீ(௦)ு(௦)

ଵାீ(௦)ு(௦)
 = −  

భమ಼
ೞమశభమೞ

ଵା భమ಼
ೞమశభమೞ

= − ଵଶ௄
(௦)మାଵଶୱାଵଶ୏

 

Putting s=jω and K=10, we get-SH
M=− ଵଶ଴

ିனమାଵଶ୨னାଵଶ଴
 

Consideringω = 1ard/sec, SH
M= − ଵଶ଴

ିଵమାଶ௝ାଵଶ଴
 = -1.43 

 
IV.FREQUENCY DOMAIN ANALYSIS OF GIVEN SYSTEM 

 
(a) Routh’s stability criterion: 
Routh’s-Hurwitz criterion is a mathematical test that is a necessary and sufficient condition for the stability for linear 
time invariant or LTI system. 
In Routh-Hurwitz Criterion stability, the system is stable if and only if all the elements in the first column have the 
same algebraic sign. The importance of the criterion is that the roots P of the characteristic equation of linear LTI 
system with negative real parts represent solution eptof the system that are stable. Thus this criterion provides a way to 
test whether a system is stable or not. 
The characteristic equation, a0sn+a1sn-1+................an-1s+an= 0 
Where, a0≠0 and an>0, and the co-efficient a0,a1,a2,.............are all of the same sign. 
 
(b) Routh’s array: 

Sn a0 a1 a4 a6............ 

Sn-1 a1 a3 a5 a7 

Sn-2 b1 b2 b3 b4 

Sn-3 c1 c2 c3 c4 

Sn-4 d1 d2 d3 d4 

........ ................... .................   

............ .................. ..................   

S2 e1 e2   

S1 f1    

S0 g0    

Where the coefficients bn are given below. 
n -represents the positive numbers. 
b1=

௔భ௔మି௔బ௔య
௔భ

 

b2=
௔భ௔రି௔బ௔ఱ

௔భ
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b3=
௔భ௔లି௔బ௔ళ

௔భ
  and so on. 

The coefficient ci and di are as follows, 
c1=

௕భ௔యି௔భ௕మ
௕భ

 

c2=
௕భ௔ఱି௔భ௕య

௕భ
 

d1=
௖భ௕మି௕భ௖మ

௖భ
 

d2=
௖భ௕యି௕భ௖య

௖భ
 

Transfer Function of the system is= ௄

௦ቀ ೞభమቁାଵ
 

For the system the overall Transfer Function is M(s) = ீ(௦)
ଵାீ(௦)ு(௦)

 

M(s)= ଵଶ௄
௦మାଵଶ௦ାଵଶ௄

 

The characteristics equation is-  1+ ଵଶ௄
௦మାଵଶ௦ାଵଶ௄

= 0 
௦మାଵଶ௦ାଶସ௄
௦మାଵଶ௦ାଵଶ௄

=0 
ଶݏ + ݏ12 +  0=ܭ24
 
By Routh’s Stability Analysis- 
S2       1     24K 
 S         12    0 
S1   ଶ଼଼௄ି଴

ଵଶ
             0 

 
288K/12=0 
24K0 
. 
The range of K must be0 
 
The given T.F is M(s)= ଵଶ௄

௦మାଵଶ௦ାଵଶ௄
 

The T.F of 2nd order system is- ώn
2/s2+2ξώns+- ώn

2 
 
Where ώn=Natural Frequency of the system. 
Andξ = Damping Factor of the system. 
 
By comparing these two equations we get,   
ώn

2=12K, 2ξώns=12s ,ξώn=6 ,ξ= ଺
√ଵଶ௄

 
 

V. STABILITY ANALYSIS OF A CLOSED LOOP SYSTEM IN Z DOMAIN 
 

The stability is the most important parameter in control system.Thus stability of a closed loop system is given as 
M(z) = ୋ(୸)

ଵାୋ(୸)ୌ(୸)
 

It can be determined from the location of closed loop poles in the Z plane which are the roots of the characteristic 
equation. 
(a) Jury’s Test: 
Jury’s test is used to analyse if any LTI(linear time invariant) system is stable in Z domain or not .To check whether a 
system is stable in Z domain first criterion is to check the characteristic equation against a number of specific rules and 
requirements.[5] 
(b) Specific rules: 
The characteristic equation D(Z)=a0+a1z+a2z2+…………………………...+aNzN 
Being the highest degree of the polynomial .This test determines the pole outside of the unit circle. 
1: If Z=1 the system must be positive D(1)>0 
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2: If Z=-1 then (-1)ND(-1)>0 
3: The value of constant term a0 must be less than the highest coefficient aN. |a 0|<|aN| 
4: Once Jury’s array has been constructed it automatically satisfies the following conditions 
|b0|>|bN-1 |, |c0 |>|cN-2 |, |d0 |>|dN-3 | 
 
(c) Jury’s Array:  
 

Row Z0 Z1 Z2 Z3 Z4 ………. ZN 
1 a0 a1 a2 a3 …….. ………. aN 
2 aN aN-1 aN-2 aN-3 …….. ………. a0 
3 b0 b1 b2 b3 …….. ……….  
4 bN-1 bN-2 bN-3 bN-4 …….. ……….  
: : : : : …….. ……….  
: : : : : …….. ……….  

2N-3 v0 v1 v3 v4 …….. ……….  
 
(d) Stability analysis of given transfer function̶̶̶ ̶in Z domain:Jury test is used to find out the stability in Z domain of the 
given system(Figure 3) 
 
  
              + 
 
 
 
 
 
 
 

Fig 3:Heart Pace Maker System 
 
In figure3 the heart-pacemaker system is given with a unity feedback, where the first block represents the transfer 
function of heart [6,7] and the second block connected in series represent the pacemaker system. 
For a closed loop system ,஼(௦)

ோ(ௌ)
 = ீ(ௌ)
ଵାீ(ௌ).ு(ௌ)

 

Here   G(s) = ௄
ቀ భభమቁ௦ାଵ

 ×ଵ
ௌ
 ,&       H(s) =1 

SO,஼(௦)
ோ(௦)

 =
௄/ௌ( ೄభమାଵ)

ଵା ಼

ೄቀ ೄభమశభቁ
×ଵ

= { ௄
ೄమ
భమାௌା௄

}= ଵଶ௄
௦మାଵଶௌାଵଶ௄

 ……..(i) 

According to the bilinear transformation the relation between s and z is given as s=ଶ
்
.(௓ିଵ)
(௓ାଵ)

 
Putting the value of s in terms of Z in equation  (i) 
 
=> ଵଶ௄

[ଶ/்×(௓ିଵ)/(௓ାଵ)]మାଵଶቂమ೅×ೋషభೋశభቃାଵଶ௄
 ……..(ii) 

 
Putting T =1sec& K=10 in equation (ii) 
 

=>
120(ܼ + 1)ଶ

148ܼଶ + 232ܼ + 100 =≫
30(ܼ + 1)ଶ

37ܼଶ + 58ܼ + 25 
 
D(z)=37Z2+58Z+25……(iii) ,Applying rule 1 of Jury’s stability in equation (iii) 
 
D(1)= 37+58+25  =120>0 

ܭ

ቀ ଵ
ଵଶ
ቁ ݏ + 1

 

 

1
ݏ  

 

 
H=1 
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Applying rule 2 in equation (iii) (-1)NF(-1)=(-1)2[37-58+25]=1×4 =4>0 
 
Applying rule 3 in equation (iii) a0=25 ,aN=37 ,so |a0|<|aN| 
Construction of Jury’s array for equation (iii) 
 

row Z0 Z1 Z2 
1 25 58 37 
2 37 58 25 
3 b0 b1  

 
a0=25, a1=58, a2=37 
Here highest degree N=2 
ܾ଴=ቚܽ0 ܽ2

ܽ2 ܽ0ቚ =ቚ
25 37
37 25ቚ =-744  

b1=ቚܽ0 ܽ1
ܽ2 ܽ1ቚ=ቚ

25 58
37 58ቚ =-696 

 
VI.APPROACH TO PID TUNNING 

 
The proportional, integral, and derivative (PID) controller is widely used in the process industries due to its simplicity, 
robustness and wide ranges of applicability in the regulatory control layer. One survey of Desborough and Miller 
(2002) [8] indicates that more than 97% of regulatory controllers utilize the PID algorithm. Tuning a control loop is the 
adjustment of its control parameters (gain/proportional band, integral gain/reset, derivative gain/rate) to the optimum 
values for the desired control response.  
 
(a) Manual Tuning:  
If the system is online first all values are set to zero. Values are increased until the output of the loop oscillates and 
until the loop is acceptably quick to reach its reference after a load disturbance. However, too much will cause 
excessive response and overshoot. A fast PID loop tuning usually overshoots slightly to reach the set point more 
quickly.  The main advantage of manual tuning is there is no requirement of math and online method. 
 
(b) (Z-N) Ziegler- Nichols Method:   
In 1942 Ziegler and Nichols described simple mathematical procedures for PID tuning [8]. Ziegler-Nichols tuning rule 
is a computational approach to search optimal sets of parameter values of PID controllers. Ziegler and Nichols 
proposed rules for determining values of parameters of PID controller - the proportional gain Kp, integral time Ti and 
derivative time Td. Table 1 shows the values of Kp, Ti and Td for PID Controller.[9] 
 

Type of Controller Kp 
 

Ti 
 

Td 
 

P 0.5 Kcr ∞ 0 

PI 0.45 Kcr 1/1.2Pcr 0 

PID 0.6 Kcr 0.5Pcr 0.125Pcr 

 
Table 1: Ziegler- Nichols Tuning Rule Based on Critical Gain Kcr and Critical Period Pcr 

 
So, PID controller tuned by the Ziegler – Nichols rule gives, Gc(s)=Kp(1+ ଵ

்௜௦
+Tds) 

If the system has a known mathematical model (such as transfer function), then root locus method can be used to find 
out the critical gain Kcrand the frequency of sustained oscillations ωcr, where 2π/ωcr=Pcr 
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VII.SIMULATION RESULT AND SENSITIVITY ANALYSIS WITH PID TUNING APPROACH 
 

PID controller consists of Proportional Action, Integral Action and Derivative Action. PID controllers can then be 
designed by using Ziegler-Nichols method. Tuning method for the basic PID control is commonly known as Ziegler-
Nichols tuning rule (Z-N). 

 
    + 
 
        - 
             
             
             
             
             
             
             
    
 

 
Fig 4: Heart Pacemaker System with PID Tuning Approach 

 
Here the heart-pacemaker system is connected with a PID tuning shown in fig4 with a unity negative feedback. Now 
the PID [10] controller is to be designed to improve the sensitivity and settling time. 
 
(a)PID controller design using Z-N method:  
For the actual System the overall transfer function is-(ݏ)ܩ = ଵଶ଴

௦మାଵଶ௦ାଵଶ଴
 (putting K=10)  

Now we are applying PID tuning method that is Ziegler Nichols(Z-N) Method. 
The PID controller has the transfer function, Gc(s)=Kp(1+ ଵ

்௜௦
+Tds) 

By Ziegler- Nichols Tuning Method, closed loop transfer function is 
஼(௦)
ோ(௦)

= ୏୮
௦మାଵଶ௦ାଵଶ଴ା௄௣

    [setting Ti = ∞ and Td = 0] 
The value of Kpthat makes the system marginally stable so that sustained oscillation occurs can be obtained by Routh’s 
stability criteria. Since the characteristic equation for the closed-loop system is 
ଶݏ + ݏ12 + 120 ݌ܭ+ = 0. 
The Routh’s array becomes as follows: 
  S2       1     120 
 S         12    Kp 
S1   ଵସସ଴ି௄௣

ଵଶ
             0 

1440-Kp=0     
Or, Kp=1440=Kcr , With gain Kpset equal to Kcr= 1440,  
The characteristic equation becomes, 
ଶݏ + ݏ12 + 120 + 1440 = 0 
,ݎ0 ଶݏ + ݏ12 + 1560 = 0 
To find the frequency of the sustained oscillation, s=jω is substituted into the characteristic equation. So it becomes, 
(jω)ଶ + 12݆߱ + 1560 = 0,Or, -ωଶ + 1560 = 0 
Or, ω=39.4, Pcr= 2π/ω =0.159 
Referring to Table 1, Kp = 0.6Kcr = 864, Ti = 0.5Pcr = 0.079 , Td = 0.125Pcr = 0.019 
The transfer function of the PID controller becomes, Gc(s)= ଵ.ଶଽ௦మା଺଼.ଶହ௦ା଼଺ସ

଴.଴଻ଽ௦
 

 

ܭ

ቀ ଵ
ଵଶ
ቁ ݏ + 1

 

Pacemaker 

 

1
ݏ  

Heart 

Rate 
measurement 

sensor 
K =1 

PID tuning 
Gc(s) 
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Fig 5: Given System with PID Tunning 
 
In the figure 5 the transfer function of heart-pacemaker system is connected with the PID controller with negative 
feedback to examine the time response. 
 
So, the closed loop tuned transfer function to examine the unit-step response of the system is 

T(S) =
G(s)Gc(s)

1 + G(s)Gc(s) 

Or,ܶ(ݏ) = ଵହସ.଼௦మା଼ଵଽ଴௦ାଵ଴ଷ଺଼଴
଴.଴଻ଽ௦యାଵହହ.଻ସ௦మା଼ଵଽଽ.ସ଼ୱାଵ଴ଷ଺଼଴

 
(b) MATLAB code and Simulation result: The MATLAB code and step response(taking different value of damping 
factor) for Heart Pacemaker system without PID tuning and with PID tuning are given below.   
 
 
clc; 
forzy=0.54:0.1:1 
sys=tf(120,[1 2*zy*sqrt(120) 120]) 
figure(1); 
step(sys) 
 
Kcr=240*zy*sqrt(120) 
   w=sqrt(120+Kcr) 
Pcr=2*pi/w 
Kp=0.6*Kcr 
   Ti=0.5*Pcr 
   Td=0.125*Pcr 
   sys2=tf([Kp*Ti*Td Kp*Ti Kp],[Ti 0]) 
   sys3=feedback(series(sys,sys2),1) 
figure(2);  
step(sys3) 
end 
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Fig 6: Time response analysis without PID tuning 

 
Figure 6 and Figure 7 shows the simulation result of Time response analysis without PID tuning and Time response 
analysis with PID tuning for different values of damping factor. 
 
(c)Sensitivity Analysis with PID Tunning: 
 
Sensitivity of overall transfer function with respect to forward path is given by: 
SG

M= ଵ
ଵା ீ(௦) ு(௦)

, SG
M= ଴.଴଻ଽ௦యାଵହହ.଻ସ௦మା଼ଵଽଽ.ସ଼ୱାଵ଴ଷ଺଼଴

଴.଴଻ଽ௦యାଷଵ଴.ହସ௦మାଵ଺ଷ଼ଽ.ସ଼௦ାଶ଴଻ଷ଺଴
 

Putting s= jωand ω = 1 , SG
M= ଵ଴ଷହଶସ.ଶ଺ା଼ଵଽଽ.ସ଴ଵ୨

ଶ଴଻଴ସଽ.ସ଺ାଵ଺ଷ଼ଽ.ସ଴ଵ௝
= 0.5 

 

 
Fig 7: Time response analysis with PID tuning 
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VIII.COMPARATIVE STUDY OF THE SYSTEM 
 

(a) Simulation Results Analysis: 
By studying response and stability criterion of the system, it is seen that after PID tuning i.e., the close loop 
configuration of Heart Pacemaker system has been improved a lot. The transfer function with PID tuning response 
shows least settling time with optimal overshoot.  
 

 
Fig 8: Comparative study of the system with damping factor 0.54 

 
From figure 8, given below it is observed that, considering damping factor .54, the settling time without PID tuning is 
.53 second, where as the settling time with PID tuning is .0016 second. From figure 6 and figure 7 it is also observed 
that, for different values of damping factor the settling time and overshoot with PID tuning will be died down.  
 
(b) Sensitivity Improvement: 
 
From the above two figures that is fig 3 and fig 4 the calculated sensitivity of overall transfer function with respect to 
forward path is 0.9 and 0.5 respectively. As the definition says due to change of environment conditions the parameters 
of a control system may vary. This variation affects the desired performance of a control system. So, much the affect or 
sensitivity reduces the desired performance of the control system increases. Here the result is very much convenient for 
the heart pacemaker system. 
 

IX.CONCLUSION 
 

The Z-N tuning would serve as the basis for the upcoming new generation of PID technology as it provides improved 
performance, low cost, and training compared to other tuning methods like Cohen coon, trial and error method etc. It 
can be embedded into established, convenient generalized controller products. So from all the analysis done above in 
all calculation a conclusion can be made that the sensitivity and settling time of the proposed system increases as well 
as that system will be able working in both the S and Z domain. The MATLAB code is built considering its importance 
in analysing the behaviour of any system of the model type as described above and its tuned output response based on 
its input. 
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