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INTRODUCTION:

         In many circuits, we need to control the output of the system given a certain value, that is to say, our setpoint. To do this, we need a controller system . We can use single controllers P, I, D and combinations of controllers PI, PD, PID. These controllers have certain algorithms to reduce the error in steady state, which is the difference between the input and output of the system as time goes to infinity.

  
     A general controller is as shown in the figure above. The system measures the process, compares it to a set point and then manipulates the output in the direction which should move the process toward the setpoint.

     Valves are usually non-linear. That is, the flow through the valve is not the same as the valve position. Several types of valves exist: 
Linear:                                                                                                                                                             Same gain regardless of valve position                                                                      Equal Percentage:                                                                                                                   Low gain when valve is nearly closed                                                                          High gain when valve is nearly open                                                                             Quick Opening :                                                                                                                 High gain when valve is nearly closed                                                                                 Low gain when valve is nearly open
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     However, when the valve is installed in the system, the flow versus percent open curve changes due to the head loss in the piping. The effect is to increase the non-linearity of most valves. As shown in the below graph:
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     Ideally, we would like our system to abruptly reduce the error to zero. However in practice, we expect to observe a dead time and a lag. A usual response curve is shown below:
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L is Lag—the largest lag in the process loop.                                                                             D is "Pseudo Deadtime"—the sum of the deadtime and all lags other than the largest lag.

Process Action:

     Defines the relationship between changes in the valve and changes in the measurement. 

DIRECT        Increase in valve position causes an increase in the measurement.                       REVERSE     Increase in valve position causes a decrease in the measurement.

 Controller Action:

     Defines the relationship between changes in the measured variable and changes in the controller output.                                                                                                                       

DIRECT       Increase in measured variable causes an increase in the output.                      REVERSE    Increase in measured variable causes a decrease in the output.                          

The controller action must be the opposite of the process action. 

The PID Control Algorithm

     The PID control algorithm comprises three elements:
· Proportional  -  also known as Gain
· Integral  -  also known as Automatic Reset or simply Reset
· Derivative  -  also known as Rate 
Proportional
E = Measurement - Setpoint (direct action)                                                                                 E = Setpoint - Measurement (reverse action)

Output = E * G + k
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     The output is equal to the error times the gain plus the manual reset. If the manual reset stays constant, there is a fixed relationship between the setpoint, the measurement, and the output.
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     Proportional only control produces an offset. However this can be reduced by increasing the gain.

Reset or integral mode

Reset Contribution: 

Out = g x Kr x integral of error                                                                                                    where g is gain, Kr is the reset setting in repeats per minute.
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Units used to set integral or reset
     Assume a controller with proportional and integral only.

Calculation of repeat time: (gain and reset terms used in controller)

     With the error set to zero (measurement input = setpoint), make a change in the input and note the immediate change in output. The output will continue to change (it is integrating the error). Note the time it takes the output to, due to the integral action, repeat the initial change made by the gain action.
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Derivative

     First used as a part of a temperature transmitter ("Speed-Act™" - Taylor Instrument Companies) to overcome lag in transmitter measurement.

Also known as Pre-Act and Rate.

Derivative Contribution: 

Out = g x Kd x de/dt        where g is gain, Kd is the derivative setting in minutes.
 Response of controller with proportional and derivative:
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     The amount of time that the derivative action advances the output is known as the "derivative time" measured in minutes. All major vendors measure derivative (Derivative, Rate) the same.

Complete PID Response
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Out = G x (e + R+ D)

Where ;         G = Gain,        R = Reset (repeats per minute),          D = Derivative (minutes)

Interactive or Non-interactive algorithm
"Interactive" and "Non-interactive" refer to interaction between the reset and derivative terms. This is also known as "series" or "parallel" derivative.

Almost all analog controllers are interactive. Many digital controllers are non-interactive, some are interactive. The only difference is in the tuning of controllers with derivative.

Non-Interactive (Parallel):  
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Out = G(e + R+ D )                                                                                                                             

Interactive (series )  :                      
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Out = (RD+1)G(e + R+D )

Converting between interactive and non-interactive

Applies only to 3-mode controllers                                                                                                  To convert from non-interactive to interactive: 

Gn = Gi (1 + Ri Di)

Rn = Ri/(1 + Ri Di)

Dn = Di/(1 + Ri Di)

• In other words, with a non-interactive controller the gain should be higher, the reset rate lower, and the derivative lower than on a commercial interactive controller.

Ziegler Nichols Tuning Method

 Open loop reaction rate

It is known as the "reaction curve" method. The process must be "lined out"—not changing. With the controller in manual, the output is changed by a small amount.

The process is monitored.
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The following measurements are made from the reaction curve:                                                            X     %            Change of output                                                                                                       R    %/min.     Rate of change at the point of inflection (POI)                                                              D     min.        Time until the intercept of tangent line and original process value

The gain, reset, and Derivative are calculated using:

	
	Gain
	Reset
	Derivative

	P
	X/DR
	—
	—

	PI
	0.9X/DR
	0.3/D
	—

	PID
	1.2X/DR 
	0.5/D
	0.5D


Open loop point of inflection

Another means of determining parameters based on the ZN open loop.

After "bumping" the output, watch for the point of inflection and note:                                                                                                 Ti      min         Time from output change to POI                                                                         P         %            Process value change at POI                                                                        R       %/min     Rate of change at POI (Same as above method)                                                        X      %             Change in output. (Same as above method)

D is calculated using the equation:                                                                                                       D=Ti - P/R

D & X are then used in the equations on the previous page.

Open loop process gain

Mathematically derived from the reaction rate method. Used only on processes that will stabilize after output step change. The process must be "lined out"—not changing. With the controller in manual, the output is changed by a small amount.

The process is monitored.
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Gp is the process gain - the change in measured value (%) divided by the change in output (%)
The gain, reset, and Derivative are calculated using:
	
	Gain
	Reset
	Derivative

	P
	L/GpD
	—
	—

	PI
	0.9 L/GpD
	0.3/D
	—

	PID
	1.2 L/GpD
	0.5/D
	0.5D


Closed loop

Steps;

-Place controller into automatic with low gain, no reset or derivative.                                         -Gradually increase gain, making small changes in the setpoint, until oscillations start.            -Adjust gain to make the oscillations continue with a constant amplitude.                                        -Note the gain (Ultimate Gain, Gu,) and Period (Ultimate Period, Pu.)                                        -The Ultimate Gain, Gu, is the gain at which the oscillations continue with a constant amplitude.

The gain, reset, and Derivative are calculated using:

	
	Gain
	Reset
	Derivative

	P
	0.5 GU
	—
	—

	PI
	0.45 GU
	1.2/Pu
	—

	PID
	0.6 GU
	2/Pu
	Pu/8

	
	
	
	


Controllability of processes 

The "controllability" of a process is depends upon the gain which can be used.                                   The higher the gain: 

• the greater rejection of disturbance and                                                                                                 • the greater the response to setpoint changes.
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The predominate lag L is based on the largest lag in the system.                                              The subordinate lag D is based on the deadtime and all other lags.

The maximum gain which can be used depends upon the ratio .                                                      

From this we can draw two conclusions:

• Decreasing the dead time increases the maximum gain and the controllability.                                 • Increasing the ratio of the longest to the second longest lag also increases the controllability.

Flow loops

Flow loops are too fast to use the standard methods of analysis and tuning.

Analog vs. Digital control: 

· Some flow loops using analog controllers are tuned with high gain. 

· This will not work with digital control. 

With an analog controller, the flow loop has a predominate lag (L) of a few seconds and no subordinate lag.

With a digital controller, the scan rate of the controller can be considered dead time.

Although this dead time is small, it is large enough when compared to L to force a low gain.

Typical digital flow loop tuning: 

Gain= 0.5 to 0.7 

Reset=15 to 20 repeats/min..

no derivative.

        Practical approach:
    On previous pages we talked about the controllers and tuning methods. Now, we try to explain the controlling process:

A proportional controller (Kp) will have the effect of reducing the rise time and will reduce ,but never eliminate, the steady state error. An integral control (Ki) will have the effect of eliminating the steady-state error, but it may make the transient response worse. A derivative control (Kd) will have the effect of increasing the stability of the system, reducing the overshoot, and improving the transient response. Effects of each of controllers Kp, Kd, and Ki on a closed-loop system are summarized in the table shown below. 

	CL RESPONSE
	RISE TIME
	OVERSHOOT
	SETTLING TIME
	S-S ERROR

	Kp
	Decrease
	Increase
	Small Change
	Decrease

	Ki
	Decrease
	Increase
	Increase
	Eliminate

	Kd
	Small Change
	Decrease
	Decrease
	Small Change


Note that these correlations may not be exactly accurate, because Kp, Ki, and Kd are dependent of each other. In fact, changing one of these variables can change the effect of the other two. For this reason, the table should only be used as a reference when you are determining the values for Ki, Kp and Kd.

Example Problem

Suppose we have a simple mass, spring, and damper problem. 
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The modeling equation of this system is 


(1)
Taking the Laplace transform of the modeling equation (1) 
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The transfer function between the displacement X(s) and the input F(s) then becomes 
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Let 

· M = 1kg 

· b = 10 N.s/m 

· k = 20 N/m 

· F(s) = 1                                                                                                                                     Plug these values into the above transfer function 
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The goal of this problem is to show you how each of Kp, Ki and Kd contributes to obtain 

· Fast rise time 

· Minimum overshoot 

· No steady-state error 

Open-loop step response

Let's first view the open-loop step response. Create a new m-file and add in the following code: 

num=1;

den=[1 10 20];

step (num,den)

Running this m-file in the Matlab command window should give you the plot shown below. 
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The DC gain of the plant transfer function is 1/20, so 0.05 is the final value of the output to an unit step input. This corresponds to the steady-state error of 0.95, quite large indeed. Furthermore, the rise time is about one second, and the settling time is about 1.5 seconds. Let's design a controller that will reduce the rise time, reduce the settling time, and eliminates the steady-state error. 

Proportional control

From the table shown above, we see that the proportional controller (Kp) reduces the rise time, increases the overshoot, and reduces the steady-state error. The closed-loop transfer function of the above system with a proportional controller is: 
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Let the proportional gain (Kp) equals 300 and change the m-file to the following: 


Kp=300;


num=[Kp];


den=[1 10 20+Kp];


t=0:0.01:2;


step(num,den,t)

Running this m-file in the Matlab command window should gives you the following plot. 
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Note: The Matlab function called cloop can be used to obtain a closed-loop transfer function directly from the open-loop transfer function (instead of obtaining closed-loop transfer function by hand). The following m-file uses the cloop command that should give you the identical plot as the one shown above. 

num=1;

den=[1 10 20];

Kp=300;

[numCL,denCL]=cloop(Kp*num,den);

t=0:0.01:2;

step(numCL, denCL,t)

The above plot shows that the proportional controller reduced both the rise time and the steady-state error, increased the overshoot, and decreased the settling time by small amount. 

Proportional-Derivative control

Now, let's take a look at a PD control. From the table shown above, we see that the derivative controller (Kd) reduces both the overshoot and the settling time. The closed-loop transfer function of the given system with a PD controller is: 
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Let Kp equals to 300 as before and let Kd equals 10. Enter the following commands into an m-file and run it in the Matlab command window. 

Kp=300;

Kd=10;

num=[Kd Kp];

den=[1 10+Kd 20+Kp];

t=0:0.01:2;

step(num,den,t)
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This plot shows that the derivative controller reduced both the overshoot and the settling time, and had small effect on the rise time and the steady-state error. 

Proportional-Integral control

Before going into a PID control, let's take a look at a PI control. From the table, we see that an integral controller (Ki) decreases the rise time, increases both the overshoot and the settling time, and eliminates the steady-state error. For the given system, the closed-loop transfer function with a PI control is: 
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Let's reduce the Kp to 30, and let Ki equals to 70. Create an new m-file and enter the following commands. 

Kp=30;

Ki=70;

num=[Kp Ki];

den=[1 10 20+Kp Ki];

t=0:0.01:2;

step(num,den,t)

Run this m-file in the Matlab command window, and you should get the following plot. 
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We have reduced the proportional gain (Kp) because the integral controller also reduces the rise time and increases the overshoot as the proportional controller does (double effect). The above response shows that the integral controller eliminated the steady-state error. 

Proportional-Integral-Derivative control

Now, let's take a look at a PID controller. The closed-loop transfer function of the given system with a PID controller is: 
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After several trial and error runs, the gains Kp=350, Ki=300, and Kd=50 provided the desired response. To confirm, enter the following commands to an m-file and run it in the command window. You should get the following step response. 

Kp=350;

Ki=300;

Kd=50;

num=[Kd Kp Ki];

den=[1 10+Kd 20+Kp Ki];

t=0:0.01:2;

step(num,den,t)
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Now, we have obtained the system with no overshoot, fast rise time, and no steady-state error. 
Practical Examples:

DC Motor Position + PID Controller
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System Parameters:

	J = 3.2284 . 10-6   
	[kg.m2]   
	moment of inertia of the rotor 

	b = 3.5077 . 10-6   
	[N.m.s/rad]   
	damping ratio of the mechanical system 

	K = 0.0274   
	[Nm/Amp]   
	electromotive force constant 

	R = 4   
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]   
	electric resistance 

	L = 2.75 . 10-6   
	[H]   
	electric inductance 

	P = 17   
	  
	

	I = 600   
	  
	

	D = 0.15   
	  
	

	S = 1   
	  
	desired position of shaft 

	W = 0   
	  
	disturbance 


*: DC Motor position + PID

*SYSTEM;

:Plant parameters

DEFMAC

:: 2-pin integrator block

int

in,
::input block

out
::output block

/ c = 1; ::coefficient

BI out = c*in;

EO@;

DEFMAC

:: Permanent magnet DC machine

DCMOTOR A, :: [V] armature-circuit +terminal

B, :: [V] armature-circuit -terminal

S, :: [rad/s] machine shaft

H/ :: [rad/s] machine housing

Kem=1,     ::[V*s/rad] machine electro-mechanical constant

La=0,      ::[H] armature-circuit inductance

Ra=0.1,    ::[ohm] armature-circuit resistance

Jm=0,      ::[kg*m**2] armature moment of inertia

Bm=0;      ::[N*m*s/rad] armature-to-housing damping factor

:Model:

Laa A-B = La; Raa - Laa = Ra; :armature circuit

Eaa - Laa = Kem*v.S;          :source of back EMF

Jt S-H = - Kem*i.Eaa;       :internal machine torque

Ca S = Jm;                  :armature inertia

Gm S-H = Bm;                :viscous torsional friction

EO@;

:Internal variables:

::I.Eaa [A] armature-circuit current

::Jt    [N*m] machine internal internal torque

DEFMAC

:: PID controller

PID :: PID

Up, :: positive input

Un, :: negative input

Y/    :: output

Kp = 1, ::[-] proportional gain    

Ki = 0, ::[s^-1] integral gain    

Kd = 0, ::[s] derivative gain

tau = 0;::[s] time constant of derivative controller 

BS Usum = Up - Un; 

num /POLY/ Ki, Kp + Ki*tau, Kp*tau + Kd;

den /POLY/ 0, 1, tau;

BT Y = num/den (Usum); 

EO@;

DEFMAC

:: Summator block

Summator

in1,
::first input block

in2,
::second input block

out;

BS out = in1 + in2;

EO@;

J = 3.2284E-6;:: [kg*m**2] moment of inertia of the rotor

b = 3.5077E-6;:: [N*m*s/rad] damping ratio of the mechanical system  

K = 0.0274;   :: [Nm/Amp] electromotive force constant 

R =  4;       :: [ohm] electric resistance

L = 2.75E-6;  :: [H] electric inductance 

:Controller parameters 

P = 17;

I = 600;

D = .15;

:Input parameters

S = 1;     :: desired position of shaft

W = 0;
   :: disturbance

SYSVAR

theta,     :: [rad] position of shaft

thetadot;  :: [rad/s] speed of shaft

:Model

BI > @Int thetadot,theta;

dcmotor > @dcmotor 1,0,thetadot,0 / Kem=K,La=L,Ra=R,Jm=J,

  Bm=b;

control > @pid 2,theta,4 / Kp=P,Ki=I,Kd=D;

desired > BS 2 = S;

disturb > BS 3 = W;

BS > @Summator 3,4,Vx;

V > E 1 = Vx;

position > J theta = 0;

*TR;

TR 0 .1;

PRINT V.position;

INIT;

RUN;

*END;
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DC Motor Speed + PID Controller
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System Parameters: 

	J = 0.01   
	[kg.m2]   
	moment of inertia of the rotor 

	b = 0.1   
	[N.m.s/rad]   
	damping ratio of the mechanical system 

	K = 0.01   
	[Nm/Amp]   
	electromotive force constant 

	R = 1   
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]   
	electric resistance 

	L = 0.5   
	[H]   
	electric inductance 


*: DC Motor speed + PID

*SYSTEM;

DEFMAC

:: Permanent magnet DC machine

DCMOTOR A, :: [V] armature-circuit +terminal

B, :: [V] armature-circuit -terminal

S, :: [rad/s] machine shaft

H/ :: [rad/s] machine housing

Kem=1,     ::[V*s/rad] machine electro-mechanical constant

La=0,      ::[H] armature-circuit inductance

Ra=0.1,    ::[ohm] armature-circuit resistance

Jm=0,      ::[kg*m**2] armature moment of inertia

Bm=0;      ::[N*m*s/rad] armature-to-housing damping factor

:Model:

Laa A-B = La; Raa - Laa = Ra; :armature circuit

Eaa - Laa = Kem*v.S;          :source of back EMF

Jt S-H = - Kem*i.Eaa;       :internal machine torque

Ca S = Jm;                  :armature inertia

Gm S-H = Bm;                :viscous torsional friction

EO@;

:Internal variables:

::I.Eaa [A] armature-circuit current

::Jt    [N*m] machine internal internal torque

DEFMAC

:: PID controller

PID :: PID

Up, :: positive input

Un, :: negative input

Y/    :: output

Kp = 1, ::[-] proportional gain    

Ki = 0, ::[s^-1] integral gain    

Kd = 0, ::[s] derivative gain

tau = 0;::[s] time constant of derivative controller 

BS Usum = Up - Un; 

num /POLY/ Ki, Kp + Ki*tau, Kp*tau + Kd;

den /POLY/ 0, 1, tau;

BT Y = num/den (Usum); 

EO@;

DEFMAC

:: 2-pin integrator block

int

in,
::input block

out
::output block

/ c = 1; ::coefficient

BI out = c*in;

EO@;

J = 0.01;  :: [kg*m**2] moment of inertia of the rotor

b = 0.1;   :: [N*m*s/rad] damping ratio of the mechanical system  

K = 0.01;  :: [Nm/Amp] electromotive force constant 

R = 1;     :: [ohm] electric resistance

L = 0.5;   :: [H] electric inductance 

SYSVAR

theta,     :: [rad] position of shaft

thetadot;     :: [rad/s] speed of shaft

:Model

dcmotor > @dcmotor 1,0,thetadot,0 / Kem=K,La=L,Ra=R,Jm=J,

  Bm=b;

control > @pid 2,thetadot,Vx / Kp=100,Ki=200,Kd=10;

BI > @Int thetadot,theta;

desired > BS 2 = 1;

V > E 1 = Vx;

speed > J thetadot = 0;

position > J theta = 0;

*TR;

TR 0 1;

PRINT V.speed, V.position;

INIT;

RUN;

*END;
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Example in matlab:
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Kp= 50 ,  Ki = 40; and because our set point was lower than the actual out put, we used gain block with gain = -1 . 

In second schematic: 

Kp = 70 ,Ki = 100 ; but we could not get straight line and we thought that this may result from the circuit instability.

NOTE: Steady – state error is only useful for stable systems. Before performing analysis the system should be checked .  
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