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Abstract

In this paper, PIDA controller is designed for third-order control systems using Novel Analytical
methods. These approaches are based on Jung-Dorf method and Kittis method. This paper
demonstrated the PIDA controller design for application of DC motor, Induction motor and
AVR power system. The PIDA controller is an extension to the PID controller. The additional
term A stands for acceleration, with this new term, a closed-loop system can respond faster
with less overshoot. Originally, the PIDA controller design utilizes the Dominant pole concept
proceeded in the s-plan.
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1 Introduction

In the past decades, the Design of an effective and economic controller is always a non-intuitive and
difficult task to control engineers. The PID (proportional-integral-derivative) controller, is widely
used in industrial control systems [1]. The most popular design technique is Ziegler-Nichols method
[2], which relies solely on parameters obtained from the plant step response. The PID controllers
tuned in accordance with the Ziegler-Nichols method have generally a step response with a high
percent overshoot. In many control applications, the systems are modeled as a third order. PID
controllers are unsuitable, especially for third-order systems. This is the reason that a new structure
of the controller becomes the necessity of such systems.

In 1996, Jung and Dorf have proposed a new structure of controller and termed as the proportional-
integral-derivative and acceleration (PIDA) controller [3]. This controller has less settling time and
over-shoot compared to PID controller for third-order systems. The idea behind the PIDA controller
design is to add an extra zero in standard PID controller. Thus, the effect of non-dominant roots is
reduced [4]. A New Analytical approach of PIDA design was proposed by Kitti’s [5] and extended
to discrete system [6].

The application of PIDA was successfully carried out for torsional resonance suppression [4]. Dal-
Young et.al, 2001, has used a pre-compensator to PIDA in ac motor [7]. The optimal designs of
PIDA controller were presented using Genetic algorithm [8], Harmony search algorithm [9], Firefly
algorithm [10] and Bat algorithm [11].

In this paper, the Analytical methods of PIDA controller design are compared. In the beginning,
Jung-Dorf approach and Kitti’s approach are reviewed briefly. The methods were applied to position
control of DC motor, induction motor and AVR system.

The article is organized into four sections. The problem formulation is described in section 2. It
includes the design methods and the systems under consideration. The design of PIDA controller
for the systems with different approaches is included in section 3. The simulation results with
analysis is included in this section. The article is concluded in section 4 and followed by references.

2 Problem Formulation

2.1 Systems for design

2.1.1 Position control of DC motor

As a Reference Armature controlled DC Servo motor can be considered as linear SISO plant model
having third-order transfer function. The DC servomotors are found to have an excellent speed and
position control [3, 12]. A simple mathematical Relationship between the shaft angular position 6
and voltage input V, to the DC motor may be derived from physical laws.

The dynamic behavior of the armature current-controlled DC servomotor is given by the following
equations. The air gap flux ¢ of the motor is proportional to the field current so that

¢ = Kyig(t) (2.1)

The torque developed by motor is assumed to be related linearly to air gap flux and the armature
current as follows:
T = K1.0.1,(t) (2.2)

T = K1.Kp.if(t) da(t) (2.3)



Sambariya and Paliwal; BJMCS, 16(5), 1-16, 2016; Article no.BJMCS.26223

Where K; and K are constants. When a constant field current is established in a field coil .The
motor torque is

T = K ia(t) (2.4)
In Laplace transformation
T = Km.ia(9) (2.5)
The armature current is related to the input voltage applied to the armature by
Va(s) = Rala(s) + Lasla(s) + Va(s) (2.6)

When V,(s) is Back E,,f voltage proportional to the motor speed. Therefore
Vu(s) = Kpw(s) (2.7)
Where w(s) = s0(s) the transform of the angular speed and the armature is current is

_ Va(s) — Kyw(s)

1, 2.
(5) = 2= (28)
The motor torque is equal to the torque delivered to the load which may be expressed as
Ton(s) = Ti(s) + Tu(s) (2.9)
Where T; is the load torque and Ty is the disturbance torque which is often negligible, so
Ti(s) = Js%0(s) + bsO(s) (2.10)
Therefore, the transfer function of the motor load combination with Ty = 0 is
0(s) K
G(s) = = 2.11
)= Vo) = 5Tas ¥ R (U5 1) F K ) (2.11)
Km
Gs) = 2) (2.12)

Va(s)  LaJs3+ (Lab+ RoJ) 82+ (Rob+ K Kp) s
Here the Angular displacement 6(s) is considered the output, and the armature voltage V,(s) is
considered the input. The schematic diagram and block diagram representation of DC Motor is
shown in Fig. 1 and Fig. 2, respectively. The transfer function parameters given in Table 1.

O +
Field Le i
f Armature
v Inertia=1J
+ ! . Friction =B
O -

Fig. 1. Schematic diagram separately excited DC motor



Sambariya and Paliwal; BJMCS, 16(5), 1-16, 2016; Article no.BJMCS.26223

Disturbance 7',

Armature Load
V.(s) + 1 I(s T + X571 1 w@s)| 1] 0s
) RON P AR N o[ 1] ay
) (Ls+R) (Js+B) s
Vi(s)
k,
Fig. 2. Block diagram representation of DC motor
Table 1. Parameters of DC motor
S. No. Parameters Values
1 Moment of inertia of rotor (J) 0.01K,m?
2 Motor Viscous friction constant (B) 0.1Nms
3 Back emf constant (k) 0.01V/rad/sec
4 Motor Torque constant (km) 0.01Nm/Amp
5 Electric resistance (Rq) 1.00hm
6 Electric inductance (Lq) 0.5H

So the transfer function of DC servo motor is as follows:
0.01 2

= - = — 2.13
0.005s3 4+ 0.06s2 4+ 0.1001s s34+ 1252 4 20.02s ( )

G(s)

2.1.2 Induction motor

Here PIDA controller is designed for the simplified induction motor position control model that
has been implemented in paper [12]. The induction motor model used here is the three phase, star
connected, two poles 800 W, 60 Hz, 120 V / 5.4 A. The linearized control structure of induction
motor is shown in Fig. 3.

Speed control system

I

PIDA controller | Load I
0, + K(sta)s+b)s+e) | |+ Kj| =+ + AN T 1 o, |1 0
- ]Ei s _ s + " (Lgs+Rq) i s B

| |

| K, |

| F |

Fig. 3. Block diagram representation of Induction motor
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The transfer function of induction motor is given by Eq. 2.14.

_ ba(s) _ KKt (2.14)

G =900 ~ U+ U T KrK)s T KiKD)

Where Kp, K1 are PI controller gains and K is motor constant. On putting the parameter values

Table 2. Parameters of induction motor

S. No. Particulars Values
1 Moment of inertia of rotor (J) 0.305
2 Motor friction (f) 0.2725
3 Kp 14.0242
4 K 94.1637
5 Kr 0.5443

as mentioned in Table 2, the transfer function representation of Induction motor can be given as in

Eq. 2.15.
168.0436

s(s% 4 25.921s + 168.0436)

G(s) = (2.15)

2.1.3 Automatic voltage regulator

An automatic voltage regulator (AVR) is commonly used in the generator excitation system of
hydro and thermal power plants to regulate generator voltage and control the reactive power flow
[13, 9, 10, 14]. The main role of the AVR is to hold the terminal voltage of a synchronous generator
at a specified level [11]. The schematic diagram is presented in Fig. 4.

The transfer function representation of the components for AVR power system as followings:

e Amplifier is represented by XZ—((:% = Tfs‘il

o Exciter is represented by “Z E:; = T;’il

e Generator is represented by “,/f ((SS)) = Té{sil
Vs(s) _ _Kp

e Sensor is represented by Vils) = Treil

A simple AVR consists of four main components, i.e. amplifier, exciter, generator, and sensor,
respectively. A simplified AVR system controlled by the PIDA controller is represented by the
block diagram in Fig. 5, where Ve is the error voltage between the reference input voltage Ve (s)
and sensor voltage, while V,,, V;., and V; are the controlled, amplified, and excited voltage signals,
and V(s) is the output voltage. The transfer function AVR System obtained is as follows in Eq.

2.16.
250

C0)= 31135521 3755 1 25

(2.16)

2.2 PIDA design methods

For the control system, the design procedure is as follows:
1. Obtain the mathematical model of plant G(s) as shown in Fig. 6.
2. Obtain the controller G.(s), such that the desired specifications are acceptable.
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Table 3. Parameters of AVR power system

S. No. Particulars Values
1 Amplifier gain K4 10
2 Amplifier time-constant 74 0.2725
3 Exciter gain Kg 1.0
4 Exciter time-constant 7 0.4
5 Generator gain K¢ 1.0
6 Generator time-constant 7g 1.0
7 Sensor gain Kpr 1.0
8 Sensor time-constant Tr 0.01
Voltage
reference
comparator
Amplifier
Rectifier &
Filter
. Exciter
Exciter power

+ -@
Generator

Turbine
Power Power
Transformer| Transformer

Power Nertwork

Fig. 4. Schematic diagram of AVR system

The desired specifications necessary for the design of PIDA controller may as following:
—¢r
e Percent overshoot (PO) given by e V=% x 100%

(0.002¢/1-¢2)

Cwn

e Settling time (7Ts) for tolerance of £2% is given by — In

2.2.1 Jung-Dorf approach
The PIDA controller suggested by Jung and Dorf is expressed as mentioned in Eq. 2.17.

_ K Kps Ks? _ (s+a)(s+b)(s+c)
Ge(s) = Kp + s +(s+c)+(s+d)(s+e) K s(s+d)(s+e) (2.17)
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Where a, b, c << d, e and two poles (d, e) of PIDA controller are far from the Zeros and excluded in
the design for stability consideration. For the closed loop transfer function T'(s), the performance
is often decided by transient response which includes parameter such as settling time (7% ), percent
overshoot (PO) and Peak time (7)) [3]. Here the set desired specifications are as follows:

o To <M
e POLL
e Ratio of disturbance to output max % < W

The values of L, M and W are selected by the designer. The procedure in designing the PIDA
controller in steps as follows:

(i) The dominant roots are ¢ and § and the § is presented in Eq. 2.18.

4= —Cwn + jwny/1—¢? (2.18)

(ii) Determine ¢ of the dominant roots from P.O. specification. The ( is represented as in Eq.
2.19.

(2.19)

(iii) Select the real root equal to the real part of the dominant roots such as R = R.dominant roots <
Cwr. In order to minimize the effect from non-dominant closed loop roots it is suggested to
select R, where it is to the left of the largest open loop pole of a plant not at the origin in left
half s-plane.

(iv) Select the real root r so that r << —(wn
(v) Write the characteristic equation for 1 +G G¢ = 0 and set to (s+7)(s+ R)(s+¢)(s+¢§) =0
(vi) Equate the characteristic equations.

)
)

(viii) Plot the responses for unity step input.

(vil) Solve the simultaneous set of four equations.

2.2.2 Kitti’s approach
The design of PIDA controller using Kitti’s approach follows the following steps:
(i) Obtain the open-loop transfer function of the system as follows in Eq. 2.20.

_ K' (s+a)(s+b) (s+c¢)
s?2 (s+01) (s+02)

Gc(s) G(s) (2.20)
(ii) Set the location of Zero such as a = 01 + Ao and b = o2 + Acz. Only the remaining Zero
(s+ ¢ ) and K must be solved for K = 0,1,2, ... for the conditions mentioned in Eq. 2.21 and

Eq. 2.22.
LGc(s)G(s)=x 2k+ 1)« (2.21)
|Ge(s) G(s)| =1 (2.22)

(iii) The location of Zero (s + ¢) can be find from the angle condition at the desired closed loop
poles (Sq) as in Eq. 2.23.
£Gc(s)G(s) = B0zero — Sbpotes = —180° (2.23)
(iv) Compute the magnitude of zero(c) as shown in Fig. 7 and is given in Eq. 2.24.

[Img(sa)|

¢ = [Re(sa)| + tan(e°)

(2.24)
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(v) Compute the open loop gain from the magnitude condition.
(vi) Compute the PIDA controller parameters.

(vii) Plot the closed loop unit step response of the system.

PIDA Controller Amplifier Exciter Generator
Vet(s . V(s
re.f( Vé Kus3+Kd,v2+Kps+k Vlfv‘ Ky V}: _ Kg Vf‘ Kg t(3
. §S o’ + fio 75 +1 Tl egs+t T s+l "

Sensor

Kr
RS +1

J 3

Fig. 5. Control block diagram of AVR system

Gels) o9 Gts)
RGS) X c(s)
CONTROLLLER PLANT >

Fig. 6. Representation of control structure

S-plane

Imaginary axis
I

Real axis

Fig. 7. Determination of the angle of zero(s + c)
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3 Design and Simulation Results

3.1 DC motor
3.1.1 Design using Jung-Dorf approach

The transfer function of DC servo motor is shown in Eq. 2.13. The procedure for designing the
PIDA controller already mentioned in previous section.
e Considering the settling time as Ts = (% < —2. The dominant roots are given by ¢,§ =

—Cwn + Jjwny/1 — (2 = —2.118 £ j2.221.
_L \2
e Determine ¢ of the dominant roots from PO specification are found such as { = 4/ _Ingge)” >

L 2 —
24 (In 165)

0.707.
e Select the real root equal to the real part of the dominant roots using, R = R. dominant roots <
Cwn = —2.118.

o Select the real root r so that r << —(wn i.e. for this system r = —30.

e Write the characteristic equation for 1+ G G¢ = 0 and set as (s+7)(s+R)(s+q)(s+¢) = 0.
14+G(5)Ge(s) = s*+ (124 K)s* +[K (a+b+¢) +20.02)s> + K (ab+bc+ca)s+ Kabe = 0 (3.1)
(s47)(s4+R)(s+q)(5+§) = (s+2.2)(s+30)(s+2.1184+2.2215) (s +2.118 —2.2215) = 0 (3.2)

e Equate the characteristic equations.

e Solve the simultaneous set of four equations.

12+ K' = 36.354 (3.3)
K'(a+b+c)+20.02 =209 (3.4)
K'(ab+ c(a+ b)) = 571.668 (3.5)

K'abc = 598.47 (3.6)

e Solving Eq. 3.3 - Eq. 3.6 for a, b, c and K yields, a = 2.8003 +;1.8822, b = 2.8003 + ;j1.8822,
c=2.1585, K = 24.354, K = 12.177. The transfer function of the controller can be written
as in Eq. 3.7.

_12.177(s® + 7.765% + 23.472s + 24.572)

S

Ge (3.7)

e The step responses of the plant with PIDA controller is shown in Fig. 8 and the step response
information such as settling time, peak time, etc. are shown in Table 4.

3.1.2 Design using Kitti’s approach
The procedural steps are already mentioned in section 2.2.2. In this section the PIDA controller is
designed using Kitti’s method as following:

e The open-loop transfer function of the system is given by Eq. 3.8.

K'(s+a)(s+b)(s+c)

Ge(s)G(s) = s2(s + 9.9975)(s + 2.0025)

(3.8)

e Set the location of zeros such as a = 10.0975 and b = 2.1025. The remaining Zeros associated
to (s 4 ¢) and K must be solved using Eq. 3.9 and Eq. 3.10.

LGc(8)G(s) = £(2k + D) (3.9)

|Ge(s)G(s)| =1 (3.10)
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e The location of zero of (s+ ¢) can be find from the angle condition at the desired dominant
closed loop poles sq = —&wy, £ jw, /1 — &2 = —2.118 4+ i2.221. The angle condition at the
desired closed loop poles (Sq) as follows:

ZGc(S)G(S) = 30zer0 — LOpoles = —180° (3.11)

K(sq+ a)(sa+b)(sa+c)

LGc(s)G(s) = £ (s4)% (54 + 9.9975)(s4 + 2.0025)

(3.12)

$0.er0 = Z(84+ a) + Z(s4 +b) + Z(sa + ¢) = 15.554° +90.399° + ¢ = 105.953° + &° (3.13)

S0pores = Z(84) + Z(54) + Z(54 + 9.9975) + Z(sq + 2.0025)

= 133.64° 4 133.64° + 15.726° + 92.977° (3.14)
= 375.983
Zezero - Eopoles = —180°
105.953° + ¢ — 375.983° = — 180° (3.15)
¢ =90.03°

e Compute the magnitude of Zero(c) as follows:

Hms(sa)l _y jpgy 2221 568 (3.16)

=R
¢ = [Re(sa)| + tan é° tan(90.03°)

e Open loop Gain K can be find from magnitude condition.

K'(sq +a)(sa +b)(sa+c) ' 1 (3.17)

(5a)*(sa + 9.9975)(sq + 2.0025) ’
K’ x 8.2852 x 2.221 x 2.1168 . (3.18)

3.07 x 3.07 x 8.194 x 2.224 | ’

K' =4.411
K K _ _go7 3 (3.19)
= zr5.836 — 9-27x 10
e The PIDA controller transfer function can be given as following in Eq. 3.20.
. 1073 10. 1 11

Gu(e) = 227X 10 (s + 10.0975)(s + 2.1025) (s + 2.1168) (3.20)

S

e The step responses of the plant with PIDA controller is shown in Fig. 8 and the step response
information such as settling time, peak time, etc. are shown in Table 4.

3.1.3 Simulation results

The circuit for simulation in MATLAB is Considered as shown in Fig. 6, where, G(s) stands for the
transfer function of DC motor as in Eq. 2.13 and G.(s) stands for the transfer function of PIDA
controller determined using Jung-Dorf method and Kitti’s method as presented in Eq. 3.7 and Eq.
3.20, respectively. The combination of DC motor with PIDA controller is subjected to simulation
on application of step input. The response of the system (DC Motor) without controller, with
PIDA controller using Jung-Dorf approach and with PIDA using Kitti’s approach are compared
and shown in Fig. 8. The step response data are enlisted in Table 4.

10
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14¢
D C Motor
1.2
Iy
1 ——=
L d - - -
() L d
0.8}
E] 7
= ’
o V4
’
g 0.6 ’
4
’
’
L ’
0.4 ,
/
]
0.2F = = = Without Controller
] PIDA: Jung-Dorf Approach
! = = = PIDA: Kitti Approach
0 . . . N N :
0 10 20 30 40 50 60

Time (s)

Fig. 8. Step response comparison of DC servo motor without controller, with PIDA
controller using Jung-Dorf method and Kitti’s method

Table 4. Step response information of DC motor with PIDA controller based on
Jung-Dorf and Kitti’s approaches

S. No. Particulars Jung-Dorf approach Kitti’s approach
1 Rise Time (s) 0.1320 0.2676
2 Settling Time (s) 1.2731 1.5503
3 Overshoot 7.5958 20.7875
4 Peak 1.0760 1.2079
5 Peak Time (s) 0.6359 0.7088

3.2 Induction motor

3.2.1 Design using Jung-Dorf approach

The transfer function of induction motor have been presented in Eq. 2.15. The theoretical
development to determine the PIDA controller using Jung-Dorf approach is presented in section
2.2.1. The similar steps are considered to determine the PIDA controller for Induction motor as
presented in section 3.1.1. The PIDA controller found for the Induction motor is presented in Eq.

3.21.
. 0.1268(s” + 19.40165> + 96.517s + 172.3565)

S

Ge (3.21)

3.2.2 Design using Kitti’s approach

The design aspects of the PIDA controller for induction motor using Kitti’s approach is considered in
this section. The theoretical development to determine the PIDA controller using Kitti’s approach

11
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is presented in section 2.2.2. The similar steps are considered to determine the PIDA controller for
Induction motor as presented in section 3.1.2. The such obtained PIDA controller for the Induction
motor is presented in Eq. 3.22.

_0.0248 (s + 28.33565 4 228.516s + 378.081)
S

Go(s) (3.22)

3.2.3 Simulation results

Considering the arrangement as shown in Fig. 6, where, G(s) stands for the transfer function of
Induction motor (as in Eq. 2.15) and G¢(s) stands for the transfer function of PIDA controller
determined Jung-Dorf method as presented in Eq. 3.21. The combination of Induction motor with
PIDA controller is subjected to simulation on application of step input. The response of the system
(Induction motor) without controller and with PIDA controller (based on both approaches) are
compared and shown in Fig. 9.

Table 5. Step response information of induction motor with PIDA controller based
on Jung-Dorf and Kitti’s approaches

S. No. Particulars Jung-Dorf approach Kitti’s approach
1 Rise Time (s) 0.1809 0.2776
2 Settling Time (s) 1.3831 1.5854
3 Overshoot 9.4835 21.3939
4 Peak 1.0948 1.2139
5 Peak Time (s) 0.6710 0.7475

Induction Motor

Amplitude

= = = Without Controller
PIDA: Jung-Dorf Approach
= = = PIDA: Kitti Approach

0 5 10 15
Time (s)

Fig. 9. Step response comparison of induction motor without controller, with PIDA
controller using Jung-Dorf method and Kitti’s method

12
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3.3 AVR power system
3.3.1 Design using Jung-Dorf approach

The transfer function of AVR power system have been presented in Eq. 2.16. The theoretical

development to determine the PIDA controller using Jung-Dorf approach is presented in section

2.2.1. The similar steps are considered to determine the PIDA controller for Induction motor as

presented in section 3.1.1. The PIDA controller found for the AVR power system is presented in

Eq. 3.23.

_0.0914(s® + 7.5041s° + 23.9204s + 26.1866)
S

Ge

(3.23)

3.3.2 Design using Kitti’s approach

The design aspects of the PIDA controller for AVR power system using Kitti’s approach is considered
in this section. The theoretical development to determine the PIDA controller using Kitti’s approach
is presented in section 2.2.2. The similar steps are considered to determine the PIDA controller for
AVR power system as presented in section 3.1.2. The such obtained PIDA controller for the AVR
power system is presented in Eq. 3.24.

~0.0107(s® + 15.4955% + 61.7565 + 73.396)
S

Ge(s)

(3.24)

3.3.3 PID controller

In this section, PID controller using Ziegler Nichols method is designed and mentioned in Eq. 3.25
[15].

B 55 + 8s + 8.66

"~ 0.0025% + 0.067s* + 0.615s3 4 6.5552 + 9s + 8.66

Ge(s) (3.25)

3.3.4 Simulation results

The G(s) stands for the transfer function of AVR power system as in Eq. 2.16 and G.(s) stands for
the transfer function of PIDA controller determined using Jung-Dorf method and Kitti’s method as
presented in Eq. 3.23 and Eq. 3.24, respectively. The combination of AVR power system with PIDA
controller is subjected to simulation on application of step input. The response of the system (AVR
power system) without controller, with PIDA controller using Jung-Dorf approach and with PIDA
using Kitti’s approach are compared and shown in Fig. 10. The step response data are enlisted
in Table 6. The step response of the system without controller, with PIDA controller using both
techniques and with PID controller [15] are comapred in Fig. 11 and the information is included
in the Table 6. The response of AVR power system outperforms that of with PIDA controller as
compared to that of with PID controller.

Table 6. Step response information of AVR power system with PIDA controller
based on Jung-Dorf and Kitti’s approaches and with PID controller [15]

S. No. Particulars Jung-Dorf approach Kitti’s approach PID controller
1 Rise Time (s) 0.1714 0.4091 0.1550
2 Settling Time (s) 1.2532 1.7670 2.7318
3 Overshoot 4.0376 14.2295 23.6915
4 Peak 1.0404 1.1423 1.2369
5 Peak Time (s) 0.7723 0.9713 0.3620

13
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L8[ AVR system: PIDA

1.4F

1.2F
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[ee]

o
[

o
S
=

“““““ Without Controller
PIDA: Jung-Dorf Approach
= = = PIDA: Kitti Approach

0.2k

0 5 10 15
Time (s)
Fig. 10. Step response comparison of Automatic Voltage Regulator (AVR) power

system without controller, with PIDA controller using Jung-Dorf method and Kitti’s
method

L8[ AVR system: PIDA and PID
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Fig. 11. Step response comparison of AVR system without controller, with PIDA

controller using Jung-Dorf method and Kitti’s method and PID based on
Ziegler-Nichols method [15]
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4

Conclusion

The Analytical methods of PIDA controller design are compared. In this paper, three practical
systems such as DC Motor, Induction motor and automatic voltage regulator (AVR), are considered
for the optimal design of PIDA controller using Kitti’s Approach and Jung-Dorf approach. The
Kitti’s Approach of PIDA design has appeared with more over-shoots as compared to Jung-Dorf
approach. Both approaches have better steady-state characteristics than the system with PID
controller [15].
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