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Short Description

FBCS 7th ed solutions....



Description


Problem 1.01PP



Draw a component block diagram for each of the following feedback control systems, (a)



The manual steering system of an automobile



(b)



Drebbel’s incubator



(c)



The water level controlled by a float and valve



(d)



Watt’s steam engine with fly-bail governor



In each case, indicate the location of the elements listed below and give the units associated with each signal. In each case, indicate the location of the elements listed below and give the units associated with each signal. • The process • The process desired output signal • The sensor • The actuator • The actuator output signal • The controller • The controller output signal • The reference signal • The error signal Notice that in a number of cases the same physical device may perform more than one of these functions.



Step-by-step solution



step 1 of 4



(A).



Manual Steering Systems



Step 2 of 4



(B)



Step 3 of 4



(c) Set water leveKRef Input) (CorMleror ■ Actuator o/p) Ftootvatve



Floating (Sensor+contioller+Actualor)



Of float



Water Tank (process)



"Water Level Controller



Step 4 of 4 (D)



Fly-Ball Governor



Water level



Problem 1.02PP



Identify the physical principles and describe the operation of the thermostat in your home or office.



Step-by-step solution



step 1 of 1



Thermostat is used as the sensing element for controlling the room temperature. It performs the task o f automatic reduction o f error to zero, irrespectiTe o f the situation created by disturbance. Working Principle: It contains a fluid which is able to e ^ a n d or contract due to temperature change, which causes the sni^ - action of a switch that makes switchingON or OFF ofthe heat source.



Problem 1.03PP



A machine for making paper is diagrammed in Fig. There are two main parameters under feedback control: the density of fibers as controlled by the consistency of the thick stock that flows from the headbox onto the wire, and the moisture content of the final product that comes out of the dryere. Stock from the machine chest is diluted by white water returning from under the wire as controlled by a control valve {CV).A meter supplies a reading of the consistency. At the “dry end” of the machine, there is a moisture sensor. Draw a block diagram and identify the nine components listed in Problem part (d) for the following: (a)



Control of consistency



(b)



Control of moisture



Figure A papermaking machine



Figure A papermaking machine



Watt’s steam engine with fly-ball governor In each case, indicate the location of the elements listed below and give the units associated with each signal. • The process • The process desired output signal • The sensor • The actuator • The actuator output signal • The controller • The controller output signal • The reference signal • The error signal



Step-by-step solution



step 1 of 13



(a)



Step 2 of 13



Figure 1 shows the general block diagram to understand the process of the system. The nine components listed below are identified in figure 1. • Process • Process desired output signal • Sensor • Actuator • Actuator output signal • Controller • Controller output signal • Reference signal • Error signal



Actuating signal



Actuator ou^ut signal



Figure 1



step 3 of 13



Draw the block diagram for the figure 1.12 in the textbook to understand the process of control of consistency.



Step 4 of 13 ^ Actuator



Error



Paper consistency



Sensor Figure 2



Step 5 of 13



Compare figure 1 and figure 2. The comparison shows the working of the paper making machine >A/ifh the mainr ^nmnnnonfc in fho nrr»rocc nf nr*ntml nf nrinciotonnw



Step 6 of 13



The input reference signal is given to the controller and here the valve acts as an actuator for the system. The valve initiates the mixing process and the consistency of the paper is monitored according to time delay. The consistency checking meter checks the output of the process and sends the signal to error detector. Here, the original required consistency Is checked with the output received and checks for any variation in the output. The corresponding required adjustments may be done in the controller to reduce the error rate, to improve the total output of the process.



Step 7 of 13



Thus, the control of consistency is explained and the major components are identified.



Step 8 of 13



(b)



Step 9 of 13



Draw the block diagram for the figure 1.12 in the textbook to understand the process of control of moisture.



Step 10 of 13



Paper moisture



Sensor Figures



step 11 of 13



Compare figure 1 and figure 3. The comparison shows the working of the paper making machine with the major components in the process of control of moisture.



Step 12 of 13



Here, Dryer remains as a main process and the moisture is checked in the moisture checking meter (sensor). The total output is compared in the error detector and required adjustments are done by the controller to improve the accuracy.



Step 13 of 13



Thus, the control of moisture is explained and the major components are identified.



Problem 1.04PP



Many variables in the human body are under feedback control. For each of the following controlled variables, draw a block diagram showing the process being controlled, the sensor that measures the variable, the actuator that causes it to Increase and/or decrease, the information path that completes the feedback path, and the disturbances that upset the variable. You may need to consult an encyclopedia or textbook on human physiology for information on this problem. (a)



Blood pressure



(b)



Blood sugar concentration



(c)



Heart rate



(c)



Heart rate



(d)



Eye-pointing angle



(e)



Eye-pupil diameter



Step-by-step solution



step 1 of 2



(A)



.



(B) . (C)



.



Block Diagram for Blood Pre ssure. Blood Sugar Concentration and Heart Bate Control



Step 2 of 2 (D ).



rm * 12^T_*2?2!E!S.



Block Diagram o f Eye-Pointing Angle and Eye - P i ^ i l Diameter



Problem 1.05PP



Draw a block diagram of the components for temperature control in a refrigerator or automobile air-conditioning system.



Step-by-step solution



step 1 of 2



Figure 1 shows the general block diagram to understand the temperature control of refrigerator and in the automobile air-conditioning system. ActuMor



Process



and in the automobile air-conditioning system.



Figure 1



Step 2 of 2



The required temperature signal is set in the thermostat, and then the controller actuates the compressor for cooling process. The temperature sensor measures the temperature and compares the required reference temperature with the measured temperature in the comparator. When the required temperature is achieved, the controller stops the compressor and maintains the temperature. The temperature sensor checks the temperature of the system periodically and actuates the controller if there is difference in the required reference temperature. This process is continued to maintain the required temperature of the system thereby controlling the ON/OFF input to the compressor. Thus, the temperature control of refrigerator and in the automobile air-conditioning system is explained.



Problem 1.06PP



Draw a block diagram of the components for an elevator-position control. Indicate how you would measure the position of the elevator car. Consider a combined coarse and fine measurement system. What accuracies do you suggest for each sensor? Your system should be able to correct for the fact that in elevators for tall buildings there is significant cable stretch as a function of cab load.



Step-by-step solution



step 1 of 2



The comoonents of elevator oosition control are shown in fiouret. Step 1 of 2



The components of elevator position control are shown in figure!.



Controller



Actuator



Process



Floor



Sensor Figure I



step 2 of 2



The input is given to the logic controller through comparator. The logic controller drives the transmission mechanism of the elevator (Motor or hydraulic). The elevator moves up and down and reaches the required floor position. When the corresponding floor button is pressed, the controller reduces the speed of the motor to stop the elevator in the respective floor. The electro switch acts as a sensor for coarse measurement to measure the floor level. Accuracy level can be fixed in the sensor considering the cable stretch due to cab load. This sensor enables to locate the elevator in the respective floor accurately without any deviation in the measurements. This complete mechanism forms a closed loop as in figure 1. The error detector compares the reference input to the output of the closed loop to ensure the exact location of the elevator. Hence, the block diagram of the elevator mechanism considering negligence is explained.



Problem 1.07PP



Feedback control requires being able to sense the variable being controlled. Because electrical signals can be transmitted, amplified, and processed easily, often we want to have a sensor whose output is a voltage or current proportional to the variable being measured. Describe a sensor that would give an electrical output proportional to the following; (a)



Temperature



(b)



Pressure



(c)



Liquid level



(d)



EJpwj^fJinJjiri ainnn a ninp (nr hlnnH alnnn an artprv^



(d)



Flow of liquid along a pipe (or blood along an artery)



(e)



Linear position (t) Rotational position



(g)



Linear velocity



(h)



Rotational speed



(i)



Translational acceleration



(j) Torque



Step-by-step solution



step 1 of 2



(A)



. TEMP M A T U R E : Thermocoi^lc.



(B)



. PRESSURE : Pressure gauge.



(C)



. U Q UlL? LEVEL : Bourdon tube and LV D T s combination.



(Py FLOW OF LIQUID ALONG PIPE FORCE : Any pres sure sensor can be used. LINEAR POSITION : LVDT li n e a r Variable Differential Transformer).



Step 2 of 2



ROTATIONAL POSiriON : Potentiometer. (G). U N EA R VELOCITY : Speedometer. 0 ^ . ROTATIONAL SPEED : Tachometer. ( 1 \ TRANSLATIONAL ACCLERATION : LVDT ( J y TO R Q U E: Combination o f Gear and Tachometer.



Problem 1.08PP



Each of the variables listed in Problem can be brought under feedback control. Describe an actuator that could accept an electrical input and be used to control the variables listed. Give the units of the actuator output signal. Problem Feedback control requires being able to sense the variable being controlled. Because electrical signals can be transmitted, amplified, and processed easily, often we want to have a sensor whose output is a voltage or current proportional to the variable being measured. Describe a sensor that would give an electrical output proportional to the following; (a) Temperature



(b) Pressure



(b) Pressure



(c)



Liquid level



(d)



Flow of liquid along a pipe (or blood along an artery)



(e)



Linear position (t) Rotational position



(g)



Linear velocity



(h)



Rotational speed



(i)



Translational acceleration



(j) Torque



Step-by-step solution



step 1 of 1 ^



An actuator amplifies the signal taken from the sensor. Any Electronic A n^lifier can be used to do such. The Operational Amplifier is the most commonly used Actuator.



e .-



' OPAMP



OP AMP Units o f the Actuator output signal are current (Anq^ere) or Voltage (Volts)



Problem 1.09PP



Feedback in Biology (a) Negative Feedback in Biology. When a person is under long-term stress {say, a couple of weeks before an exam!), hypothalamus (in the brain) secretes a hormone called Corticotropin Releasing Factor (CRF) which binds to a receptor in the pituitary gland stimulating It to produce Adrenocorticotropic hormone (ACTH), which in turn stimulates the adrenal cortex (outer part of the adrenal glands) to release the stress hormone Glucocorticoid (GC). This In turn shuts down (turns off the stress response) for both CRF and ACTH production by negative feedback via the bloodstream until GC returns to Its normal level. Draw a block diagram of this closed-loop system.



(b) Positive Feedback in Biology. This happens in some unique circumstances. Consider the birth process of a baby. Pressure from the head of the baby going through the birth canal causes (b) Positive Feedback in Biology. This happens in some unique circumstances. Consider the birth process of a baby. Pressure from the head of the baby going through the birth canal causes contractions via secretion of a hormone called oxytocin which causes more pressure which in turn intensifies contractions. Once the baby is born, the system goes back to normal (negative feedback). Draw a block diagram of this closed-loop system.



Step-by-step solution



step 1 of 9



(a)



Step 2 of 9



The block diagram to show an example of closed loop negative feedback in a biological system Is shown in figure 1.



Step 3 of 9 Long



Nofinal Gluco oofticoids(CD)



Pituitary glands



— ^L^H ypolhala m c«L |^^^



Mi 1 I



Adrenal Glands



GCs



Stress response - off



^Stress response • off Negatice feedback_______ Figure 1



Step 4 of 9



Here, ‘GD’ is the Glucocorticiods, ‘CRF’ is the Corticotrophin Releasing Factor, and ‘ACTH’ is the Adrenocorticotropic hormone.



Step 5 of 9



Thus the block diagram of closed loop negative feedback In a biological system is drawn and shown in figure 1.



Step 6 of 9



(b)



Step 7 of 9



The block diagram to show an example of closed loop positive feedback in a biological system Is shown in figure 2.



Step 8 of 9 O j^tocin



Desired Pressure



, y ? y



Baby head



Birth canal



1 ^f



\



Pressure 1 ^ Is n (Contractions)



Positive feedback Figure 2



Step 9 of 9



Thus the block diagram is drawn to show the closed loop positive feedback in a biological system.



Problem 2.01 PP



Write the differential equations for the mechanical systems shown in Fig.. For Fig.(a) and (b), state whether you think the system will eventually decay so that it has no motion at all, given that there are nonzero initial conditions for both masses and there is no input; give a reason for your answer. Figure Mechanical systems



Nofnctioa



Nofrictkn



(I)



h



(I)



I—



^



w v —



—



I



Step-by-step solution



step 1 of 6



(a) Refer to Figure 2.41 (a) in the text book for the block diagram of a mechanical system. Draw the free body diagram of mass m ,.



^ *a*a



*1*1^ *1 *



Write the differential equation describing the system.



m,x, - - ^ x , -k^x^-k^x^



Step 2 of 6



Draw the free body diagram of mass



.



tz



Write the differential equation describing the system. m^x^ ^-k^x^-k^x^-^k^x^-¥ k^y + *3 (*1 - ■»!)+*3



- .y ) = 0



Thus, the differential equations describing the system are. (x,-JC j) s 0



There is friction that affects the motion of both the masses. Thus, the system decays to zero motion for both the masses.



Step 3 of 6



(b) Refer to Figure 2.41 (b) in the text book for the block diagram of a mechanical system. Draw the free body diagram of mass



■



Write the differential equation describing the system.



( x j- x , )= 0



Step 4 of 6



Draw the free body diagram of mass



.



*2*1



Write the differential equation describing the system. m^x^ - - b ^ x ^ - k ^ x ^ - k ^ x ^ + k ^ Al|X2 4'i^(x2~Xi)4'A^A^ = 0 Thus, the differential equations describing the system are.



+ it,x, +



(xj -



)* 0



Although friction affects only the motion of the left mass directly, continuing motion of the right mass excites the left mass, and that interaction continues until all motion damps out.



Step 5 of 6



(c) Refer to Figure 2.41 (c) in the text book for the block diagram of a mechanical system. Draw the free body diagram of mass m ,.



|_ x .



^*1 ►tjX j



*1*1 * 2 *1 *



Write the differential equation describing the system.



m,x, *-i^ x , -ik,x, -A^x, +i^Xj+i\x^ = 0 m,jt, + 4| (x, - X,) + V i + *1 (*i - *2) = 0



Step 6 of 6



Draw the free body diagram of mass



iWj



s -k^x^ - A^Xj - AiXj + ^X| +



.



+F



+ i | X i+ i | ( x i- x i) + * 2 ( X 2 - x i) = F Thus, the differential equations describing the system are. n\Xy + 6 |(x ,-X j)+ A |X ,+ A ^ (x , - X j ) * 0 m ,x , + i|X , + A ^ ( i, - X |) + < : , ( x , - X |) = f



Problem 2.02PP



Write the differential equation for the mechanical system shown in Fig. State whether you think the system wili eventuaily decay so that it has nomotion at ail, given that there are nonzero initial conditions for both masses, and give a reason for your answer. Figure Mechanical system



M



e+ai‘ f f = 0



(5)



Compare equation (4)and equation (5).



Step 3 of 3 ^



Consider the following equation for the period for a swing.



r=— ....(7) Substitute equation (6)in equation (7).



2/ r - 2 > r / - = - ...... (8) Substitute 2 for / and 9.81 for g in equation (8).



I 2x2



r = 2 ;rj



’'V 3 x 9.8I = 2.31 = 2sec



Consider the following equation for the value of length.



/= - ? § -



(9)



Substitute 9.81 for g in equation (9).



3x9.81 /* 8^* * 0.3727 m Thus, the vaiue of length and period for a swing are [0.3727m]a Hence, the 1 second for a swing from one side to the other. This pendulum is shorter because the period is faster. But if the period had been 2 second, the pendulum length is 1.5 meters.



Problem 2.05PP



For the car suspension discussed in Example, plot the position of the car and the wheel after the car hits a “unit bump”(that is. r is a unit step) using Matlab. Assume that m1 = 10 kg, m2 = 250 kg, Kw = 500,000 N/m, and Ks = 10,000 N/m. Find the value of b that you would prefer if you were a passenger in the car. Example A Two-Mass System: Suspension Model Figure 1 shows an automobile suspension system. Write the equations of motion for the automobile and wheel motion assuming one-dimensional vertical motion of one quarter of the car mass above one wheel. A system consisting of one of the four wheel suspensions is usually referred to as a quarter-car model. The system can be approximated by the simplified system shown in Fig. 2 where two spring constants and a damping coefficient are defined. Assume that the model is for a car with a mass of 1580 kg, including the four wheels, which have a mass of 20 kg each. By placing a known weight (an author) directly over a wheel and measuring the car?s deflection, we find that ks = 130,000 N/m. Measuring the wheel?s deflection for the same applied the model is for a car with a mass of 1580 kg, including the four wheels, which have a mass of 20 kg each. By placing a known weight (an author) directly over a wheel and measuring the car?s deflection, we find that ks = 130,000 N/m. Measuring the wheel?s deflection for the same applied weight, we find that Mv ~ 1,000,000 N/m. By using the step response data in Fig. 3(b) and qualitatively observing that the car?s response to a step change matches the damping coefficient curve for ^ = 0.7 in the figure, we conclude that b = 9800 N?sec/m. Solution. The system can be approximated by the simplified system shown in Fig. 2. The coordinates of the two masses, x and y, with the reference directions as shown, are the displacements of the masses from their equilibrium conditions. The equilibrium positions are offset from the springs? unstretched positions because of the force of gravity. The shock absorber is represented in the schematic diagram by a dashpot symbol with friction constant b. The magnitude of the force from the shock absorber is assumed to be proportional to the rate of change of the relative displacement of the two masses?that is, the force =



The force of



gravity could be included in the free-body diagram; however, its effect is to produce a constant offset of X and y. By defining x and y to be the distance from the equilibrium position, the need to include the gravity forces is eliminated. The force from the car suspension acts on both masses in proportion to their relative displacement with spring constant ks. Figure 2.6 shows the free-body diagram of each mass. Note that the forces from the spring on the two masses are equal in magnitude but act in opposite directions, which is also the case for the damper. A positive displacement y of mass m2 will result in a force from the spring on m2 in the direction shown and a force from the spring on m1 in the direction shown. However, a positive displacement x of mass m1 will result in a force from the spring ks on m1 in the opposite direction to that drawn in Fig. 4, as indicated by the minus X term for the spring force. The lower spring kw represents the tire compressibility, for which there is insufficient damping (velocity-dependent force) to warrant including a dashpot in the model. The force from this spring is proportional to the distance the tire is compressed and the nominal equilibrium force would be that required to support m1 and m2 against gravity. By defining x to be the distance from equilibrium, a force will result if either the road surface has a bump (r changes from its equilibrium value of zero) or the wheel bounces (x changes). The motion of the simplified car over a bumpy road will result in a value of r(t) that is not constant. As previously noted, there is a constant force of gravity acting on each mass; however, this force has been omitted, as have been the equal and opposite forces from the springs. Gravitational forces can always be omitted from vertical-spring mass systems (1) if the position coordinates are defined from the equilibrium position that results when gravity is acting, and (2) if the spring forces used in the analysis are actually the perturbation in spring forces from those forces acting at equilibrium. Figure 1 Automobile suspension



Figure 2 The quarter-car model?



T



Figure 3 Responses of second-order systems versus ^ ; (a)impulse responses; (b) step responses



Figure 4 Free-body diagrams for suspension system



Ki-i



0 i^-r) ■r)



il



Applying Eq. (1) to each mass and noting that some forces on each mass are in the negative (down) direction yields the system of equations Some rearranging results in F=m a,



(2.1)



4 (J -i)+ t,(y -i)-* ,(i-r )= « iii,



(18)



=



(19)



The most common source of error in writing equations for systems like these are sign emors. The method for keeping the signs straight in the preceding development entailed mentally picturing the displacement of the masses and drawing the resulting force in the direction that the displacement would produce. Once you have obtained the equations for a system, a check on the signs for systems that are obviously stable from physical reasoning can be quickly carried out. As we will see when we study stability in Section 6 of Chapter 3, a stable system always has the same signs on similar variables. For this system, Eq. (2) shows that the signs on the X terms



are all positive, as they must be for stability. Likewise, the signs on the



and



and /te rm s



are all positive in Eq. (2). 1 + — (t-W Ml



+ .^ d -y ) + ^ i = ^ r . Mi Ml Mi



(1 1 0 )



(2 .1 1 )



9 + - ^ 0 - t ) + ^ ( y - x > = o .



M2



M2



The transfer function is obtained in a similar manner as before for zero initial conditions. Substitutino s for d/dt in the differential eouations vields



J^X(I)+ 1— (Xd) - X(D) + .^(X (I) - X(D) + ^ X ( . ) = ^ « ( I) , Ml



Dll



Jfl]



Mi



^ n s )+ s — m ) - x m + — o r(s ) - x m = a which, after some algebra and rearranging to eliminate X(s), yields the transfer function I 'd )



^ (» + > )



* * + ( s r + ^ ) * " + ( ^ r + ^ + f e ) ‘" + ( ^ ) ' + i ^ (112) To determine numerical values, we subtract the mass of the four wheels from the total car mass of 1580 kg and divide by 4 to find that m2 = 375 kg. The wheel mass was measured directly to be m1 = 20 kg. Therefore, the transfer function with the numerical values is Y(s)



131e06(5 + 13.3)



* d ) “ J* + (516.1)s“ + (5.685«04)j“ + (I J (n < 0 ^ + l.733«Or 0.13) We will see in Chapter 3 and later chaptero how this sort of transfer function will allow us to find the response of the car body to inputs resulting from the car motion over a bumpy road.



Step-by-step solution



step 1 of 3



Consider the transfer function.



i'( 4



'»!'»!



4j J a l 'U A A 1 m i« j



Where. is the mass. kg is the car deflection. k^ is the applied weight. b is the damping. Write the MATLAB program, m l = 10; m2 = 250; kw = 500000; ks= 10000; Bd = [1000 3000 4000 5000]; t = 0:0.01:2; for i = 1:4 b = Bd(i): A=[0 1 0 0;-( ks/ml + kw/ml ) -b/ml ks/ml b /m l; 0 0 0 1; ks/m2 b/m2 -ks/m2 -b/m2 ]; B=[0; kw/ml :0 ;0 ]; C=[1 0 0 0 ; 0 0 1 0 ]; D=0; y=step(A.B.C.D,1,t): subplot(2.2,i): plot(t, y(:,1),t, y(:,2)): legend(Wheer,'Car’): title = sprintf('Response with b = % 4 .1 f, b ); end



Step 2 of 3



The output for the MATLAB code is given in figure 1.



Step 3 of 3



Thus, the smallest overshoot is with b is 5,000, and the jump in car position is the fastest with this damping value. From figure 1, ^ s 3,000 is the best compromise. Therefore, overshoot for lower values, and the system gets too fast for larger values.



Problem 2.06PP



Write the equations of motion for a body of mass M suspended from a fixed point by a spring with a constant k. Carefully define where the body’s displacement is zero.



Step-by-step solution



step 1 of 3



Displacement is Zero when forces are balanced Hence



T



i-k x



No displecement



Step 2 of 3 ^ e n M g = -la , ^x&ere



S=



dt



=Acceleration due to gravity. Then, The displacement be comes Zero. It is shown in the figure where displacement is zero.



Step 3 of 3



From the above figure, kx+Mg = 0 I.', kx = -hK I



T



(di^koement)



Problem 2.07PP



Automobile manufacturers are contemplating building active suspension systems. The simplest change is to make shock absorbers with a changeable damping, b(u1). It is also possible to make a device to be placed in parallel with the springs that has the ability to supply an equal force, u2. in opposite directions on the wheel axle and the car body. (a)



Modily the equations of motion in Example to include such control inputs.



(b)



Is the resulting system linear?



(c)



Is it possible to use the force u2 to completely replace the springs and shock absorber? Is thi



a good idea? Example A Two-Mass System: Suspension Model a good idea? Example A Two-Mass System: Suspension Model Figure 1 shows an automobile suspension system. Write the equations of motion for the automobile and wheel motion assuming one-dimensional vertical motion of one quarter of the car mass above one wheel. A system consisting of one of the four wheel suspensions is usually referred to as a quarter-car model. The system can be approximated by the simplified system shown In Fig. 2 where two spring constants and a damping coefficient are defined. Assume that the model is for a car with a mass of 1580 kg, including the four wheels, which have a mass of 20 kg each. By placing a known weight (an author) directly over a wheel and measuring the car?s deflection, we find that ks = 130,000 N/m. Measuring the wheel?s deflection for the same applied weight, we find that Mv ~ 1,000,000 N/m. By using the step response data in Fig. 3(b) and qualitatively observing that the car?s response to a step change matches the damping coefficient curve for ^ = 0.7 in the figure, we conclude that b = 9800 N?sec/m. Solution. The system can be approximated by the simplified system shown in Fig. 2. The coordinates of the two masses, x and y, with the reference directions as shown, are the displacements of the masses from their equilibrium conditions. The equilibrium positions are offset from the springs? unstretched positions because of the force of gravity. The shock absorber is represented in the schematic diagram by a dashpot symbol with friction constant b. The magnitude of the force from the shock absorber is assumed to be proportional to the rate of change of the relative displacement of the two masses?that is, the force =



The force of



gravity could be included In the free-body diagram; however, its effect is to produce a constant offset of X and y. By defining x and y to be the distance from the equilibrium position, the need to include the gravity forces is eliminated. The force from the car suspension acts on both masses in proportion to their relative displacement with spring constant ks. Figure 2.6 shows the free-body diagram of each mass. Note that the forces from the spring on the two masses are equal in magnitude but act in opposite directions, which is also the case for the damper. A positive displacement y of mass m2 will result in a force from the spring on m2 in the direction shown and a force from the spring on m1 in the direction shown. However, a positive displacement x of mass m1 will result in a force from the spring ks on m1 in the opposite direction to that drawn in Fig. 4, as indicated by the minus X term for the spring force. The lower spring kw represents the tire compressibility, for which there is insufficient damping (velocity-dependent force) to warrant including a dashpot in the model. The force from this spring is proportional to the distance the tire Is compressed and the nominal equilibrium force would be that required to support m1 and m2 against gravity. By defining x to be the distance from equilibrium, a force will result if either the road surface has a bump (r changes from its equilibrium value of zero) or the wheel bounces (x changes). The motion of the simplified car over a bumpy road will result in a value of r(t) that is not constant. As previously noted, there is a constant force of gravity acting on each mass; however, this force has been omitted, as have been the equal and opposite forces from the springs. Gravitational forces can always be omitted from vertical-spring mass systems (1) if the position coordinates are defined from the equilibrium position that results when gravity is acting, and (2) if the spring forces used in the analysis are actually the perturbation in spring forces from those forces acting at equilibrium. Figure 1 Automobile suspension



Figure 2 The quarter-car model?



U



Figure 3 Responses of second-order systems versus ^ ; (a)impulse responses; (b) step responses



3^ z



m



s



Figure 4 Free-body diagrams for suspension system lO-i



IJi-H



h^ -ii



Applying Eq. (1) to each mass and noting that some forces on each mass are in the negative (down) direction yields the system of equations Some rearranging results in F=m a,



(2.1)



4 ( J - i) + t,( y - x ) - t,( i- r ) = « > i* ,



(2.8)



- f c O '- J ) - * ( » - «



(2.9)



The most common source of error in writing equations for systems like these are sign emors. The method for keeping the signs straight In the preceding development entailed mentally picturing the displacement of the masses and drawing the resulting force in the direction that the displacement would produce. Once you have obtained the equations for a system, a check on the signs for systems that are obviously stable from physical reasoning can be quickly carried out. As we will see when we study stability In Section 6 of Chapter 3, a stable system always has ? tKa oinne- nn X terms



are all positive, as they must be for stability. Likewise, the signs on the



and /te rm s



are all positive In Eq. (2).



A ( t - y , + i.( x - y ) + t x = ^ r . Ml Mi Mi Mi



(2.10)



y + — 0 - t ) + ^ (y -x )= O .



M2



(2.11)



M2



The transfer function is obtained In a similar manner as before for zero initial conditions. Substituting s for d/dt in the differential equations yields j^ x c i) +



Mi



- r m + ^ ( X ( j ) - Y(sn+ ^ x w = Mi Mi Mi + » — ()'(») - * ( ! ) ) + — ()'(j) - * ( » ) ) = a



which, after some algebra and rearranging to eliminate X(s), yields the transfer function X M _____________________ ^ ( » + > ) «(») ( 2 . 12)



To determine numerical values, we subtract the mass of the four wheels from the total car mass of 1580 kg and divide by 4 to find that m2 = 375 kg. The wheel mass was measured directly to be m l = 20 kg. Therefore, the transfer function with the numerical values is r(s)



131e06(s + 13.3)



S(j) “ J* + (516.1)s“ + (5.685«04)j2 + (Ume06)s + l.733«07' 0.13) We will see in Chapter 3 and later chaptero how this sort of transfer function will allow us to find the response of the car body to inputs resulting from the car motion over a bumpy road.



Step-by-step solution



step 1 of 3



(A)



The FBD shows the a ^ 2 C



S-------------- A



A



o



S te p -b y -s te p s o lu tio n



(a) Refer to Figure 2.48 (a) in the textbook for passive lead circuit. Write the KirchhofTs current law equation at node y .



Q -+



(ri)



|>- = C B + -^ ii



(1)



Therefore, the dynamic equation is



Apply Laplace transform on both sides. > { i ) = c » i ( i ) + — » (» )



/ X



Cl+ — ^



U



u(s)



Therefore, the transfer function. Z i £ l i ii( s )



(b) Refer to Figure 2.48 (b) in the textbook for active lead circuit. Draw the circuit diagram with node voltages.



R



H



^



Figure 1



Write the KirchhofTs current law at node y .



From the circuit, y - y



0 - r .



Substitute K i + ' ^ f ^ f o r y in equation (2).



“



.... (3)



R, “



Therefore, the dynamic equation is



— + - ^ V



[ r,



■*/



“



-



R, “



Apply Laplace transform on both sides of equation (3). y ^ (s )= -c s K .(s )-± y ^ (s )



HI



fk W K



4-ife] /i,C ^



s J - L ^ - L ] U c



R.C



*r



Therefore, the transfer function. U f ) :



K, R,C)



U C



(C) Refer to Figure 2.48 (c) in the textbook for active lag circuit. Draw the circuit diagram with node voltages. R^



R,



-VcMt



Write the KirchhofTs cument law equation at inverting terminal.



Z.



- ii. K



Write the KirchhofTs cument law equation at node y .



Substitute - Z l k K



for y .



S,



d l[ 1 1 , “



-)



K,



- ^ y ^ - ^ - c ^ K - c v „ ~ v , = o



c v «• , . + ^0 = - c 0 ^ v* , >- — v, — ^ vW , 0 M 0 0



c r „ + ^ = - c - ^ r „ - — ri+ -^ ^ ir„ R, ^ J !|j ^



(4)



Therefore, the dynamic equation is c v ^ , y ^ = ^ ^ v , . ±



“



It,



K



y^ .



It,.



Apply Laplace transform on both sides.



^C s +



K.



n .(4



til



■



/J,Cs+ Therefore, the transfer function. U f ) :



til



step 8 of 11 A



(< i)



Refer to Figure 2.48 (d) in the textbook for passive notch circuit. Draw the circuit diagram with node voltages.



Write the KirchhofTs cument law equation at node P,.



Apply Laplace transform. C t lK W - r . w ) + ^ + c i ( F ; w - F „(» )) = 0 = a K „W + c iK ,,( » )



Write the KirchhofTs cument law equation at node P,.



R



d t'



'



R



Apply Laplace transform.



R



+ 2 C s K ( i) +



— 2 < i_ i = 0



R



' '



Step 10 Of 11



From the circuit diagram.



Apply Laplace transform.



step 11 of 11 Substitute p;(« ) and ^ j( ^ ) in the equation.



f _ « ^ K .U )



(.2 ^ +2



RCV 2R O + 2



+ ____ I____ ]



2R + 2R^Cs)



s-HlJ



2R +2R‘



, ____ !____ ]



f Therefore, the transfer function. U f ) :



2 ^0 +2



RCV 2RCS+2



2R+2R‘ C sJ



2R +2R‘



Problem 2.16PP



The very flexible circuit shown in Fig. is called a biquad because its transfer function can be made to be the ratio of two second-order or quadratic poiynomiais. By selecting different values for Ra. Rb, Rc, and Rd. the circuit can realize a low-pass, band-pass, high-pass, or band-reject (notch) filter. (a)



Show that if Ra = R and Rb = R c= R d=



the transfer function from Vin to Vout can be



written as the low-pass filter



A



where



A=



« i’



' RC* R



(b)



Using the Matlab command step, compute and plot on the same graph the step responses fo



the biquad of Fig. for A = 2, wn = 2, and ^ = 0.1, 0.5, and 1.0. Figure Op-amp biquad



Step-by-step solution



step 1 of 12



Refer Figure 2.52 in textbook.



Step 2 of 12



Consider the transfer function of the circuit



^ = -C K ,



(2)



R



=



...... (3)



2 i+ il+ iL + iiL ._ f i!.



^



R^ R,



(4)



R ^^~ R



Step 3 of 12



Take Laplace transform in Equation (1),{2) and (3).



......



^ = -CsV^ R



(6)



...... (7)



Step 4 of 12



Determine



and



Substitute —



in Equation (5) and (6).



for



in Equation (5). (8)



U



) '



s.



■ ^ r ,+ a v ,= o R



(9)



Step 5 of 12



From Equation (8) and (9) write the matrix form.



1



[-L .a - i l Rj



R



’"* 0



t



R



Cs



R]-r



' 1 R "Ji, ‘ 1 — +Cs 0 ^ j



1



- -



[ «



~SV^ S, I



C s + — S+-rT R, R ^ [ rr, Consider the value of F, and



C ( 10 )



y ,-



1



RR,



( 11)



y ,= -



c v + ^ j+ ^ R^



f i'



Step 6 of 12



Substitute



for



in Equation (4).



.L -



R



^



^



^



i-H h -kH "Substitute Equation (10) and (11).



R



{ R.



R ,) ^



R, '



R, “ I



r



I



V



'K



K



Rt



K?



}



' f f



c



1



y



‘



(



1



RR,



1 + l j



'



c



1



I



K ,”



C V + A j+ '



1 J?. 1,



1



*.



1



*



' n. J



step 7 of 12



C



1



RR, ’ R



K



C V + -^ s+ -^



R^



'



R‘



c v + - ^ j+ - ^ «, R\



I



f



RR,



c



I



I



=-R f - ' + ' 1 1 K Jt.) C V + A i + ^



1 C ij '+ A ^ + J ^



«‘ J



1



=- R



L J_± RR ,* R^R^ 4* + —^ 5 + ----



(RC)^



Step 8 of 12



Thus, the transfer function of the system is.



c'^



^ j’ +f '



R Rj



R^ R2



^ )



C'



y^



R,C



{R C f



Step 9 of 12



(a) Substitute



for J^, co for J^, oo for J^and oo for R^.



1 1



R



~ RRR,



y^



Rfi (Rcy RR,C’



R fi



(R c y j?



_5_ (« C )’ i ’ + ^ j + l _R



A. y.



. (



12 )



(« C )’ i ’ + ^ i + l



A _



Thus, the transfer function of the system is



__________ ^



Step 10 Of 12



Compare Equation (12) and 2.111 in Textbook.



J ____ l_



RC



Step 11 of 12



(b) Substitute 2 for A, 2 for



and 0.1 for g in Equation 2.111 in textbook,



write the MATLAB program. A = 2; wn = 2; z = [0.1 0.5 1.0]: hold on for i = 1:3 num = [ A ]; den = [ 1Avn''2 2*z(i)/wn 1 ] step( num, d e n ) end hold on



Step 12 of 12 Figure 1 shows the output for the MATLAB program.



Figure 1 Thus, the step responses using MATLAB is shown in Figure 1.



J



Problem 2.17PP



Find the equations and transfer function for the biquad circuit of Fig. if Ra = R ,R d = R1. and Rb =



Rc=-^. Figure Op-amp biquad



Step-by-step solution



step 1 of 4



Step 2 of 4



Given: R ,= R i,



R v= R ,=oo



R ,= R .



Using property o f Inverting Amplifier.



V,



RsC



'



^ = -1 V,



Writing Node Equations, at V :



Step 3 of 4



Also ^ + ^ + ^ r i + s R j ) = 0 R,



R



R / R,



Ri



R



V „+ V , = - ^ V „ V,



V ,=



RsC V ,= R sC V,



R,



’I



R



Rs



J



1 1 ^ RsC +R R^^C ^’l



W



Rs



r



^



~ Ri



Step 4 of 4



[■r J+R’ sC+R’ R / C ? Y Vfc



' I



RRs



J R.



R R , V., ’ R ^ j+ R ,R " s C + R ,R " R js " C ? R , V_ V J._______ R ^-^2 ^ R ,R j +R,R^ sC+R,R’ R js’ c '



-R, v r



V „



-R R ,R ,+ R R ,+ R ,R ’ sC+R,R’ R ,s“C?'



Vi



R.



R iR j+ R iR ’ sC+R,R’ s^C?



R i ^ sV „ + R i ’ R ’ sC V „ + R i ^ ’ s^C ?V „+R R i R jV4 +R “ R jV j,+ R ’ R is C V ^ + R iR ^ js “ C ? V i= 0



Problem 2.18PP



The torque constant of a motor is the ratio of torque to current and is often given in ounce-inches per ampere. (Ounce-inches have dimension force x distance, where an ounce is 1/16 of a pound.) The electric constant of a motor is the ratio of back emf to speed and is often given in volts per 1000 rpm. In consistent units, the two constants are the same for a given motor. (a) Show that the units ounce-inches per ampere are proportional to volts per 1000 rpm by reducing both to MKS (SI) units.



(b )A certain motor has a back emf of 25 V at 1000 rpm. What is its torque constant in ounceinches per ampere?



(c) What is the torque constant of the motor of part (b) in newton-meters per ampere?



(c) What is the torque constant of the motor of part (b) in newton-meters per ampere?



Step-by-step solution



step 1 of 4



(a)



9 .8 ^ x lk g =



2.205 Pounds



9 .8 N = 2 .2 0 5 x 16 Ounces 9.8 n = 35.28 Ounces 1 Ounce = 0.0283 kg x 9.8 “ = 0.277 N s H hch =2.54 cm = 0.0254 m 1 - O unce-inch = 7.036 x 10"’ N-m 1 —O u n ce-Inch per Amp =7.036 X 10"® N -m /a



(-)



Step 2 of 4



30 1 volt per 1000 amp = — xlQ*^ V o lt/ra d /s



n



rad.



= 9.55 = 9.55x10-®



c.rad Nnn.s c/s



1 V o ltp e rl0 0 0 fp m = 9 .5 5 x l0 ^ a



1 Ounce-inch/Amp 7.036 _



^



1 VoltperlOOOrpm 9.55



■M



Step 3 of 4



(B)



K , = 25 f — - — ) ^ l^lOOOrpm) Using equation (y) 1 V /1000 rpm = 1.358 Ounce - inch per Ampere .'. Kj = 25 x l.3 5 8 = |33.9^ O unce-inch per Ampere



Step 4 of 4



(C)



.'. Kt = 33.96 Ounce - inch per Ampere Using equation (a ) K t =33.96x7.036xlOr^N-m/A = 239x10-® N-m/A = |0.239N-m/A|



Problem 2.19PP



The electromechanical system shown in Fig. represents a simplified model of a capacitor microphone. The system consists in part of a parallel plate capacitor connected into an electric circuit. Capacitor plate a is rigidly fastened to the microphone frame. Sound waves pass through the mouthpiece and exert a force fs (t) on plate b, which has mass M and is connected to the frame by a set of springs and dampers. The capacitance C is a function of the distance x between the plates, as follows;



where £ = dielectric constant of the material between the plates, A = surface area of the plates. The charge q and the voltage e across the plates are related by A = surface area of the plates. The charge q and the voltage e across the plates are related by



» = C(i)e. The electric field in turn produces the following force fe on the movable plate that opposes its motion;



fe = 2eA' (a) Write differential equations that describe the operation of this system. (It is acceptable to leave in nonlinear form.)



(b) Can one get a linear model?



(c)



What is the output of the system?



Figure Simplified model for capacitor microphone



Step-by-step solution



step 1 of 6 W e h av e liie follow ing electxom edianical system :



Step 2 of 6 ^ G iv en th at capacitance C is a fooctioo o f th e distance x betw een d ie plates, a s follows:



C (x )= H ere. € is foe c b d ectiic constant o f d ie m aterial betw een die plates, A is foe sur& ce a rea o f foe plates T h e charge q a nd foe voltage « across foe plates are r d a te d b y 9 = C (x )«



T h e electric field in tu rn produces foe follow ing force



o n fo e m ovable p late foat



opposes its m otkm :



Step 3 of 6 T h e fie e b o d y diagram o f f o e c ^ n c i f o r p late (b )ii



b



- f



Step 4 of 6 T h e equation c fx notion fo r fo e above plate. 6 is



T h e equation f ix foe circuit p art is



at ( Since e is fo e



^



^ o fia c itiw o lta g e J



X



dt



d i‘



I S in c e i( /) = ^ j



eA



v = J 8 j+ l9 + .^



eA



T herefore d ie tw o coiqiled n o n linear



equations are



i & + B i+ K x + - ^ = / A t ) and le A " ’ v = R q -V L q + ^



Step 5 of 6 ^ (b)



W e cannot g e t a linear m odel because c£ d ie term s ^ differential equations.



Step 6 of 6 (c)



T h e output o f foe system is foe current |r ( t ) = g |



a n d qx p resen t in th e



Problem 2.20PP



A very typical problem of electromechanical position control is an electric motor driving a load that has one dominant vibration mode. The problem arises in computer-disk-head control, reel-toreel tape drives, and many other applications. A schematic diagram is sketched in Fig. The motor has an electrical constant Ke. a torque constant Kt, an armature inductance La. and a resistance Ra. The rotor has an inertia J1 and a viscous friction B. The load has an inertia J2. The two inertias are connected by a shaft with a spring constant k and an equivalent viscous damping b. Write the equations of motion. Figure Motor with a flexible load



R,



Step-by-step solution



step 1 of 2



Refer to Motor with a flexible load in Figure 2.51 in the textbook. According to Newton’s second law of motion, the sum of torques acting on a rotational mechanical system is zero. The sum of applied torque is equal to the sum of opposing torques on a rotational system. Write the equation of motion for a motor.



J A * B 0 ,+ b (i^ -e ,)+ iL { e ,-e ,)= T , J A = - B e ,- b ( g ,- e , ) - k ( e .- e , ) + T ,



(d



Here, is the inertia of the rotor ^ is the viscous damping g is the viscous friction is the spring constant is the motor torque Write the equation of motion for a motor.



j A 2 = - b { A - e ,) - k ( e .- e . )



(2)



Step 2 of 2



Apply KirchhofTs voltage law.



Here, is the electrical constant It is known that, the output torque is directly proportional to the armature current.



T .= K ,l, Here, K , is the torque constant Therefore, the equations of motion are.



Problem 2.21 PP



For the robot in Fig., assume you have command of the torque on a servo motor that is connected to the drive wheels with gears that have a 2:1 ratio so that the torque on the wheels is increased by a factor of 2 over that delivered by the servo. Determine the dynamic equations relating the speed of the robot with respect to the torque command of the servo. Your equations will require certain quantities, for example, mass of vehicle, inertia, and radius of the wheels. Assume you have access to whatever you need. Figure Robot for delivery of hospital supplies. Source: AP Images



Step-by-step solution



step 1 of 13



Refer Figure 2.45 in textbook.



Step 2 of 13



Assume that robot has no mass. So multiply the torque by a factor of 2.



Step 3 of 13



The motor must have a gear that is half the size of the gear attached to the wheel. Let’s also assume there is no damping on the motor shaft.



Step 4 of 13



So, friction



and



are both zero.



Step 5 of 13



Consider the wheel attached to the robot



Where, y^is the inertia of the drive wheel, is the motor inertia, is the wheel angular acceleration. T is the commanded torque from the motor.



Step 6 of 13



The acceleration of the drive wheel is directly related to the acceleration of the robot and its other wheels, provided there is no slippage. Add the rotational inertia of the two other wheels and the inertia due to the translation of the cart plus the center of mass of the 3 wheels.



Step 7 of 13



Let the angular acceleration is



and assume the inertia is same as the drive wheel.



Step 8 of 13



Neglect the translation inertia of the system and write the equation



Step 9 of 13



Consider friction force.



f Where, is the mass of the cart plus all three wheels.



Step 10 of 13



Substitute r § for a.



Step 11 of 13



Consider angular inertia



Step 12 of 13



Substitute 2 for n. ( m „ r j + 3 7 ^ + 4 7 ^ ) ^ , = 2T^



Step 13 of 13



Thus, the dynamic equation relating the speed of the robot is



+ 3 7 ^ + 4 7 .) ^ ^ =27^



Problem 2.22PP



Using Fig., derive the transfer function between the applied torque, Tm. and the output. 62, for the case when there is a spring attached to the output load. That is, there is a torque applied to the output load. Ts. where Ts = -Ks92. Figure (a) Geometry definitions and forces on teeth; (b) definitions for the dynamic analysis



“0 ^ Step-by-step solution



step 1 of 13



Refer Figure 2.35 in textbook.



Step 2 of 13



The force transmitted by the teeth of one gear is equal and opposite to the force applied to the other gear as shown In Figure 2.35 (a) In textbook.



torque-ftwcexdistance



Step 3 of 13



Consider the torques applied to and from each shaft by the teeth



ZL.ZL



i =



/



Step 4 of 13



Consider the torque multiplication Is proportional to the radius of the gear



T, r, r,



N,



Where, N is the number of teeth. n is the gear ratio.



Step 5 of 13



The velocity of the contact tooth of one gear is the same as the velocity of the tooth on the opposite gear



velocity=o»’ Where. €0 is the angular velocity.



r is the radius of the gear.



Step 6 of 13



The angles will change in proportion to the angular velocities



e, o, Oi



AT,



N, JV, The servo motor output torque is



attached to gear 1. So the servo’s gear 1 is meshed with



gear 2 and the angle ^ Is position (body 2). The Inertia of gear 1 and all that is attached to body 1 is J^. The inertia of gear 2 and all that is attached to body 2 Is J^. The friction ^ and



.



Step 7 of 13



Consider the equation of motion for body 1.



■ f A + W - T ,- T ,



(1)



Where, T Is the reaction torque from gear 2 acting back on gear 1.



Step 8 of 13



The spring is only applied to the second rotational mass so torque only effects. Adding the spring torque in body 2.



Step 9 of 13



Consider the equation of motion for body 2. .........( 2 )



Where. is the torque applied on gear 2 by the gear 1.



Step 10 of 13



Substitute



for ^ In Equation (1). (3)



step 11 of 13



Substitute 7J for 7*, in Equation (2). .......(4)



Step 12 of 13



Use Equation (3) and (4) the relationship in Equation 2.73 in textbook and eliminating 7J the two equations



(y , + J,n')Si +



r ,( » )



(



i , +K,ff, =nT,



( j j + J , n ’ ) s ^ + ( b ,* b ,a ’ '^s + K ,



S te p 1 3 o f1 3



Thus, the transfer function of the system is



( J", +



Problem 2.23PP



A precision table-leveling scheme shown in Fig. relies on thermal expansion of actuators under two corners to level the table by raising or lowering their respective corners. The parameters are as follows: Tact = actuator temperature, Tamb = ambient air temperature. Figure (a) Precision table kept level by actuators; (b) side view of one actuator



1 ,



(b) R f= heat-flow coefficient between the actuator and the air, C = thermal capacity of the actuator, R = resistance of the heater. Assume that (1) the actuator acts as a pure electric resistance, (2) the heat flow into the actuator is proportional to the electric power input, and (3) the motion d is proportional to the difference between Tacf and Tamb due to thermal expansion. Find the differential equations relating the height of the actuator d versus the applied voltage vi.



Step-by-step solution



step 1 of 2



Step 2 of 2



Proportionality d = Power



551



In Put



R



And using equation We get



HEAT



m l



R



2.73



C 7L +



cr„+



d



Rtqd . Bq.



Problem 2.24PP



An air conditioner supplies cold air at the same temperature to each room on the fourth floor of the high-rise building shown in Fig.(a). The floor plan is shown in Fig.(b). The cold airflow produces an equal amount of heat flow q out of each room. Write a set of differential equations governing the temperature in each room, where To = temperature outside the building, Ro = resistance to heat flow through the outer walls, Ri = resistance to heat flow through the inner walls. Assume that (1) all rooms are perfect squares. (2) there is no heat flow through the floors or ceilings, and (3) the temperature in each room is uniform throughout the room. Take advantage of symmetry to reduce the number of differential equations to three. Figure Building air-conditioning; (a) high-rise building; (b) floor plan of the fourth floor ui syiiiineiiy (OTeuube me iiuinuei ui uiiieteiiiiai equauuiis lu iiiiee. Figure Building air-conditioning; (a) high-rise building; (b) floor plan of the fourth floor



Step-by-step solution



step 1 of 2



Step 2 of 2



“C" Thermal cs^acity o f Air *'1” Corners are equivalent “2” Arc equivalent Assuming; ^ >7J > ^ > 7 J For * 3" F o, -2 -



-



( 1) =



--------- (2) s,



F o r-r



=



RequideEquations are (l)& (2 )& (3 )



R,



+



Ro



-(3 )



Problem 2.25PP



For the two-tank fluid-flow system shown in Fig., find the differentialequations relating the flow into the first tank to the flow out of the second tank. Figure Two-tank fluid-flow system



Step-by-step solution



step 1 of 2



From the relation between the height of the water and mass flow rate, the continuity equations are



(3)



M Here, ^ Is the area of tank 1.



p is the density of water. is the height of water in tank 1. And, = w -w ^ p A ji^ ■ ...... (4)



PA i Here,



is the area of tank 2. p is the density of water. Is the height of water in tank 2.



Step 2 of 2



From the relation between the pressure and outgoing mass flow rate.



(5) (6) I



I



Substitute



for w In equation (3).



A = -L f4 -i



I Substitute



I



I for w and —



i f or



in equation (4).



p ^ W (8 )



Therefore, the differential equations relating the flow into the first tank to the flow out of the second tank are.



Problem 2.26PP



A laboratory experiment in the flow of water through two tanks is sketched in Fig. Assume that Eq. describes flow through the equal-sized holes at points A, B, or C. (a)



With holes at B and C. but none at A, write the equations of motion for this system in terms o



h1 and h2. Assume that when /?2 = 10 cm, the outflow is 200 g/min.



(b)



At h1 = 30 cm and h2= ^0 cm, compute a linearized model and the transfer function from



pump flow (in cubic-centimeters per minute) to h2.



(c)



Repeat parts (a) and (b) assuming hole B is closed and hole A is open. Assume that h3 = 20



cm, h i > 20 cm, and h2 < 20 cm. Figure Two-tank fluid-flow system for Problem 2.26 cm, h i > 20 cm, and h2 < 20 cm. Figure Two-tank fluid-flow system for Problem 2.26 Pump



Step-by-step solution



step 1 of 5



(a)



Step 2 of 5



Refer FIGURE 2.58 in the textbook. The area of both tanks is A, the values given for the heights ensure that the water will flow is below as.



(1) ( 2)



(3)



W ,-W ^ = pAh,



W ^-W g = p A h ^ ...... (4) Consider the value of gravity. g=981cm /sec* slOOOdVsec^ Substitute 2 0 0 g /m iifo r



for ^a n d lOOOcn^sec* for g in equation (2).



200 g/inn = -!-[lg ia m /c c x lOOOcn^sec^ x lO c m p 1 T— Jg = 2oo / — [lg ra m /c m * x l0 0 0 c m /s e c * x l0 c m J 1 J ts ^Igram /cm ^xlO O O cm /sec’ xlO cm 200g/60s 100



/g c m “ s>



J?s30 g^cm 2 30g ^cm



Step 3 of 5



(b) Consider the following nonlinear equation from above information. (5)



(6) Consider the linearized equation. (7) ..........( 8 )



Substitute equation (7) and equation (8) in equation (5). 1



/— 7Z— 7:— r —



Substitute 30 cm for



i



10 cm for Aj,, 100 cm2 for A, 1 for /?, IQOQcip/sfC^ for g and 30 for R



in equation (9).



-^(1)(I0O0)(30+5*i -1O-5^)h(1)(100) (1)(100)(30)'



Sh,=



s k = - 2 ^ fi+ - L tfk — L t f t V J - K



’



30i, 40 ’ 40



( 10 )



100 "



Consider the total inflow equation. W ^ = W ^ + S W ...... (11) Consider the value of nomina! Inflow Is '^Iven below



10



=y>^cm V sec Substitute equation (11) in equation (10).



’



1 40



3 0 l,



- - L a A .l+ - L ( » ' 40 lo o ' ”



’



Substitute y - v ^ c m ’ /sec for



+ ^ » ') ’



.(12)



in equation (12).



(13)



S k— — < S h ,-S h ,)+ — m ’ 120 0' ’ 100



Substitute equation (7) and equation (8) in equation (6).



.(14)



Substitute 30 cm for



10 cm for Aj,, 100 cm2 for A, 1 for p , lOOOcm/sec^ for g and 30 for R



in equation (14).



1



r ^ { l) ( im ) ( 3 0 + S h , - lO - S h j) (1 )(1 0 0 )(3 0 )' ' ^ ( l)( 1 0 0 0 )( 1 0 + 5 ^ ) (1)(100)(30)



1



(15) From equation (13) and equation (15), holding the nominal flow rate maintains h i at equilibrium but h2 will not stay at equilibrium. So, the constant term increasing h2. Hence, the standard transfer function will not result.



Step 4 of 5



(c) With hole B closed and hole A, the values given for the heights ensure that the water will flow is below as. W ^ - W ,= p A h ,



W ,-W ^ = pA h,



Consider the following nonlinear equation from above information. (18)



.(19) Substitute equation (7) in equation (18). ( 21 )



Substitute 30 cm for Aj^, 20 cm for A^, 100 cm2 for A, 1 for p , lOOOctn/sec^ for g and 30 for R in equation (21). S k ,= -



’



= - - L h + J -^ fc l+ J - W



30l,



20



( 22 )



100 *



Substitute equation (11) in equation (22).



^



(23)



= _ J _ | 1 + J _ ^ fc 1+J _ ( ( F 20 V 100^ " ■



^



Consider the value of nominal inflow is remc



301,



20



s k - —



’



J



100



+ — S W ...... (24)



600 ’ 100



Substitute equation (7) in equation (19).



(25) Substitute 30 cm for Aj^, 20 cm for A^, 100 cm2 for A, 1 for p , lOOOctn/sec^ for g and 30 for R in equation (25).



1



r^(l)(1000)(30+5A| -2 0 ) (1)(100)(30)' '



(1)(100)(30)



^(l)(1000)(10+5^)



30l, 20 S k -—



’



600



30l. 20 ’ j



Sh,— — S h , ...... (26)



’



600



’



Take Laplace equation (24) and equation (26), the desired transfer function in cmYsec •



3 H ,{ s ) ..



. m (s)



7



T1



(27)



V 60oJ f n ,i‘



pit



(28)



I, 600j



Step 5 of 5 Substitute equation (27) in equation (28).



1 ^6003 f : 7 X j r , . ^ _ L ) l. 60o A 600j



S H j( s )



1



0.01



•Y l. 600j Convert the inflow unit in grams/min •
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