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Abstract


This project comprises a both theoretical and laboratory presentation of Ratio Control, which is a Process Control Method, for educational purposes. The system to be controlled consists of two air streams. One 100% saturated in water vapour (as it passes through a water tank) and another containing dry (atmospheric) air. The latter has a restriction that determines a constant value of this air stream flow. A control valve is adjusted to the pipeline that contains the dry air stream, in order to control the dry air flow. The two streams meet together in a junction and form the output air mixture. By controlling the dry air flow, the output mixture humidity value is implicitly controlled. The controller that implements the regulation of the dry air stream flow is a PID. In the theoretical part of this project, the mathematical model of the system is initially estimated, as deduced from the physical equations of the system. Furthermore, the system model is simulated in a common PC, using the Simulink tool of Matlab and the response of the system to selected step inputs is graphically presented. In the laboratory part, the system is implemented in a rig, the PID controller is adjusted using the Ziegler – Nichols method, and the output is detected, using a pen-recorder. Actually, the measured output in this particular case is the air mixture dew point and the humidity value is deduced, using the psychrometric chart.   The same step input changes that were applied to the Simulink system model, are then applied to the real system and the actual system behaviour is compared to the initially estimated one. Deviations from the theoretical system response, as long as unexpected phenomena (e.g. output changes due to the air compressor cycle) that emerged in the laboratory implementation are analysed and justified. Finally, the mathematical model is adjusted to be as realistic as possible for future use.

1. Introduction to Deviation Variables


Each physical quantity is considered to have a Normal value and a Deviation value. The former is the value in which the system is designed to function. Any other value that is different from the Normal value is considered as a fluctuation and is called a Deviation value. So a physical quantity (e.g. the Flow of dry air in this process) can be described as : 

F1= F1N+ ΔF1 (1)


Where F1N is the normal value of the air flow and ΔF1 is the deviation variable that describes all fluctuations from the normal value.

2. Physical Equations of the process


The process to be controlled consists of two air streams (Figure 1). One stream contains atmospheric air and its flow is controlled by a valve and another that has air that is 100% saturated in vapour. 
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Figure 1.  The process

Where F1 is the atmospheric air flow, F2 is the flow of the air that is saturated in water and Fo is the output flow. Considering the mass balance, it holds that:

Fo = F1 + F2 (2)

Considering the inherit characteristic of the control valve, it holds that:

F= g(X) (assuming constant preasurre drop –ΔP- across the valve) (3)

For small changes in operating conditions (say ± 10%)  about the normal point FN,XN, the inherit characteristic may be approximated by tangent to the curve of the above relation at the operating point:

F=FN+ΔF ≈ FN+
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 (4)

It is common practice to work only with deviation variables and drop the Δ notatıon for convenıence. So equation (4) becomes:

F=
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Apart from the inherent characteristic, in practice there is also the installed characteristic (pressure drop across the valve not constant) and is described as:

F=f(X,ΔP) (6)

Total flow change is given by the sum of these two characteristics as shown in the following equation:

F=
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The flow is sonic as the pressure before the valve is greater than two times that after the valve (5 bars – 1 bar) so it approximately holds that:

F=c.Pi (8)

 where Pi is the upstream pressure and c a constant.

If it is linearised about the normal conditions, it holds (in deviation form):

F=
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 Or approximately: F= 
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 (10) where r=PiN/FN
For the dry airflow equation (9) becomes: F1=Pi/r (11)
Combining  (7) and (11) it holds that :

F1=
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Or using constants for simplicity: F1= K1X+K2Pi (13)

The process block diagram is depicted in Figure 2:
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Figure 2. Process Block Diagram

Because of mass balance in the junction, taking also into account the vapor mass it holds:

F1+F2=Fo (14) and

F1c1+F2c2=Foco (15)

where ci is the concentration of air in each stream in Kgwater/Kgwater+dry air. Humidity (Kgwater/Kgdry air. ) can be approximated by concentration. Using the definitions of the two terms and the normal values (see section 3) we can conclude that the approximation error is about 1%. 

From (1), (14) and (15) it holds that:

F1c1+C2c2=(F1+F2) co (16)

Or   (F1N+ΔF1)(c1N+Δc1) + (F2N+ΔF2)(c2N+Δc2)= (F1N+ΔF1+F2N+ΔF2)(coN+Δco) (17)

Finally, after the multiplication and dropping Δ notation for simplicity:

co= ((c1N-coN)F1+(c2N-coN)F2)/FoN (18)

Putting constants for simplicity and applying Laplace transformation (18) becomes:

co(s)=K3F1(s)+K4F2(s) (19)

3. Normal Values

In section 2 it was noticed that the Normal Values are the values at which the system is designed to work. So the Humidity Control Rig is Designed to work at the following normal conditions:

	QUANTITY
	NORMAL VALUE
	UNITS

	Flow of dry air (F1)
	0.002
	Kg/sec

	Flow of saturated air (F2)
	0.001
	Kg/sec

	Ambient Temperature
	20
	oC

	Valve Opening
	50
	%

	Supply Pressure
	5
	Bar

	Air Humidity
	50
	%

	Ratio F1/F2
	2
	


Table 1.   System Normal Values

4. System Block Diagram

In order to construct an as realistic as possible system block diagram, one has to take into account the system structure. First of all, the humidity value is measured by an instrument a bit further than the point of the junction, so a delay (e-Ls) must appear in the model, because the sensor of the instrument does not immediately observe changes in the humidity value. Furthermore, flows are measured in the two input streams from flow meters (FM) that produce output in the range of 4-20 mA. In the F1 control loop this output is sent back to a PID controller and is compared to the set point value (again in mA). The difference of these two signals produces the error signal, which is sent to an I/P converter that adjusts the control valve opening from 0% to 100%(fully open). The valve opening (X) connects to the system model (equation (13)) where P is a disturbance.
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The output of the system is humidity. For that reason, it should be measured, compared to a set point and the error signal should be led to a second PID 

controller. The output of this controller multiplied by the flow of saturated air (F2), should form the set point of the first PID, so that the ratio F1/F2 remains constant, regardless of fluctuations in F2.

The system block diagram is depicted in Figure 3 below:

Figure 3. System Block Diagram

5. Translation into the Simulink Model

In order to simulate the system and watch its response under several conditions, the Simulink software package is used. There are some aspects that have to be clarified, regarding the construction of this model.

First of all, in the Simulink model the deviation variables clearly appear. The normal values appear as constant inputs to the system. 

It is also necessary to restrict the range of some variables. For example, all current signals produced are in the range of 4-20mA. This is achieved using the saturation block in simulink.  The delay due to pipeline is simulated, using the Variable Transport delay. Delays due to instrumentation are simulated using time lags. In the I/P converter a correcting factor 0.2 is subtracted because the output is in the range of 0.2-1 bar. The gain of the valve actuator is 
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=1.25 . It is also assumed that the normal value of F1 is obtained when the output of PID is 0.012 mA (in the middle of the range) at a valve opening of 50% (thus 0.5 subtracted in the diagram).  In the same way, the flow meter gain for F1 is FM=
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=4 Asec/Kg. Similarly, for F2 FM=8 Asec/Kg. These two gains raise an issue, because in the same current range two signals one two times the other must be measured. Well, in general it holds that F=0.012+Km ΔF (where Fm the measured value of flow, Km the gain.) In normal conditions (ΔF=0) the output is 0.012A. If ratio is 2, then it becomes 0.024A. This is an unacceptable set point for the set point of PID controller, as the current ranges are in the range of 4-20 mA. For that reason, in the simulink model the ratio value is chosen 1.

The values of coefficients K1, K2, K3 and K4 of process and system models are determined by the normal values of Table 1, as well as physical quantities ranges. So K1=,
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, K3=-0.9 Kgwater.sec and K4=1.6 Kgwater.sec

The Simulink model is depicted in Figure 4:
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Figure 4. The Simulink Model

After the model construction the controllers must be tuned.  The continuous cycling method is chosen for this task. The PID in the loop of F1 is first tuned

In Matlab the PID transfer function is :

G(s)=P+
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 With I and D factors of PID controller to zero, for several values of P , the value of P that gives self sustained oscillations (figure 5) as system response is P=3.4. 

Figure  5.  PID Tuning
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Ziegler-Nichols method gives the values of I = 1.17 and D=1.17. In practice, these theoretical values are adjusted, in order to get the perfect response. So, finally, the selected values are P= 1.2, I= 0.5, D= 0.2. Different inner – loop responses for several PID parameters are presented in Figure 6: 
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Figure 6.  Various Responses for the inner loop
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In the second PID tuning it is not possible to isolate the controller loop. The continuous oscillations occur at a P of 1400, therefore, according to Ziegler – Nichols P=823.53, I=164.6 and D=1028.75. But these theoretical values give a rather oscillatory and unstable response (Figure 7.)

Figure 7 . Ratio Deviation
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 So for better results a PI controller is used to increase stability, with P=636.36 and I=76.36, according to Ziegler-Nichols, or practically P=70 and I=76.36 (figure 8. )

Figure 8. Improved PID2 Response

Having tuned the controllers, step inputs are applied to the flow of saturated air, the supply pressure and the humidity set point, in order to test the system response. There is a step change of 50% in the supply pressure 50 sec after the start of simulation. Accordingly, F2 changes from 0.001 Kg/sec (normal) to 0.0015 Kg/sec 50 sec later. Finally, 50 sec later, the humidity set point is increased by 0.0006 Kgwater/Kg dry air.

The proper response should be that F1 remains unaltered after the supply pressure change, then increase to the value of 0.003Kg/sec after the F2 change, in order to keep the ratio constant and, finally, F1 (dry air) should decrease, as the new humidity setpoint is increased.  Humidity should remain constant until the setpoint change and after that, it should reach the new value quickly and smoothly. Responses of several physical quantities of the system are shown in Figure 9:
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Figure 9. Responses of Several System Physical Quantities

5. Experimental Work

After the accomplishment of simulation, the laboratory implementation will finally prove that the overall theoretical control system design was correct. In figure 10 the piping and instrumentation diagram of the system is presented. Table 2 shows the components of the system:

[image: image23.jpg]ITEM SERVICE TAG INPUT OUTPUT | POWER
NiMEER RANGE RANGE SUPPLY
Thermal Mass Flow Dry Air flow FE31 0-10 Kg/h 4-20 mA 110V ac,
Meter Measurement 50Hz
Thermal Mass Flow Moist Air Flow FE32 0-10 Kg/h 4-20 mA 110V ac,
Meter Measurement 50Hz
Control Valve Dry Air Flow FCV31 3-15 psig 0-100 % 18 psig
Control
Electric to Electric Current / voltage FX31 4-20 mA 0-10V 24V
Transducer conversion
1/P Transducer Current/Pressure FY31 4-20 mA 0.2- 1 bar 20 psig
Conversion
Pressure Regulator Process Air - 5.25Barg 0-4 Barg 5.25Barg
Supply max. max.
Power Supply TCS Equipment PSU-01 110V, 50Hz 25V 110V,
50Hz
Relative Humidity Dewpoint AIT30 =50 - +50°C | 4-20 mA 240Vac,
Analyser Measurement 50 Hz





Figure 10. System Piping and Instrumentation Diagram

Table 2. The System Components[image: image24.png]



More specifically, the pressure regulator stabilizes the value of supply pressure. It also has a water trap to collect the condensed water vapor. The pipework then splits into two pipelines, each one having its flow meter, with flow sensors that actually transmit pulsed frequency signal to the flow computers that calculate the flow rate in Kg/h. These two pipelines meet together in a junction and form the output air stream.  Right after the junction there is the dew point meter, which shows the dewpoint of the output air stream. Looking at the psychometric chart, one can easily spot the humidity, given the dewpoint and temperature. The system controller (T640) is a multi purpose controller. It is configured to work in strategy #2, i.e. Dual Control Loop, which offers two PID controllers to control two loops.

After the construction of humidity control rig in the lab, every instrument has to be individually calibrated and tested. If all tests are correct, then the system is gradually integrated and tested again until the overall system is confirmed to work properly. 

Then the implementation of control strategy must take place. For that reason, two PID S/W blocks of T640 controller are going to be used. And finally, the commissioning of the Humidity rig should follow. The F1 PID is first tuned by increasing the gain until self-sustained oscillations appear and determining the PID parameters, using Ziegler-Nichols formulae. Similarly, the second PID is tuned.

Since the controller tuning is accomplished, the system should be tested again as a whole. First, the higher and lower values of dewpoint were traced (supplying exclusively dry or saturated air,) in order to avoid giving an invalid set point value. Then several dewpoint values were given and the system reached these values in time like 1.5 min or even 40 sec. 

As a sample, figure 11 shows the real system response in a wet airflow change by 0.0005 Kg/sec. It is observed that the steady – state value is reached within about 15 sec. In a step-input change to the humidity set point value, the system achieves the desired value in about 25 sec.  In order to get this response, a pen recorder was used at a speed of 30mm/min.

Figure 11. The real system response

6. Conclusions

This project presents a method of controlling the value of humidity of the air that is supplied in a place. From the physical equations of the process, taking into consideration the physical quantities, the system structure and the instruments that measure the physical quantities, or perform control tasks the system model is built. Simulation validates the feasibility of the original concept of the control system. If the stability in the system is not satisfactory, then the engineer should try to adjust the control parameters or strategy, or examine if there are omissions or inaccuracies in the model and determine how realistic the latter is. 

 After the achievement of a successful system response in simulation, the laboratory implementation will practically build the original concept in the real world. Finally, getting the results of the experimental work, the engineer should go back and update the initial mathematical model, in order this to be as realistic as possible for future reference.

 In this particular case, judging from the proportional gain used during the PID tuning, the model appears more stable than the system, because proportional gain values in the model are bigger. This may happen because there are some lags inserted by the instruments in the real system that are not taken into account in the model. Probably, the poles of these lags are located in such a place on the root locus that increase instability. Possibly the positioner of the valve could be more preferably described by a second order eauation, because it has feedback. Furthermore, noise and other external disturbances, (e.g. dry air humidity value drops when the compressor is on) should be also taken into account when constructing the mathematical model.  Changes in humidity due to the compressor cycle causes fluctuation in the air flow value of the controlled stream. This could be more effectively controlled by a PI controller, with less sudden responses to the changes in humidity, or even an adaptive controller.

Furthermore, the valve is not 100% open at 1 bar pressure. Also the values of relative humidity and ambient temperature were different to the assumptions. Another unexpected disturbance was the fact that if the flow through the dewpoint meter is not constant enough, the measured dewpoint value becomes oscillatory and the system behaves as if it is unstable. For that reason, the proportional value of PI controller that determines the ratio value was decreased.

Despite some inaccuracies, the initial model approximation is considered to be close to the real system. The values of oscillations periods in both loops were only wrong by a factor of two. The response in the inner loop appears to be  quicker and the outer loop slower  in the real system, but not much more.  But the relative humidity is higher than 50% and the new equilibrium is reached in less time comparing to the model.

Finally, the next step is to embed the above observations to the model in order to make it more realistic. As a future work, one should experiment with other control strategies and watch the system response.
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