Chapter 6


  1	(a)* (b) At 1 kHz the closed loop gain coefficient is –100, the feedback must be 30 dB, i.e. the open loop gain coefficient must be 3,000. Therefore, fT > 3000 ( 1 = 3,000 kHz. From the power dissipation requirement, R2 = 300 kW, and R1 = 300/100 = 3 kW.


  2	(a)* (b) For the compensator gain not to vary from the nominal more than 0.25 dB, impedance of the series or parallel RC branch should not vary more then 3%. The resistors can be chosen with very small tolerances; the smaller capacitors with low tolerances can be found, but larger capacitors might be difficult to find with the exact required value. In the rare case when this is required, the capacitor can be composed of two capacitors in parallel.


  3	(d)* The summers (a),(b),(c),(e), and (f) are shown in Fig. P6.1.
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Fig. P6.1   Implementation of transfer functions for Problem 3





4	The summers are shown in Fig. P6.2.
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Fig. P6.2   Implementation of transfer functions for Problem 4


5	(a)*	(b)-(f) The schematic diagrams are shown in Fig. P6.3.
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Fig. P6.3   Schematic diagrams for a decoupling matrix implementation





  6	Use industrial catalogs.


  7	Use industrial catalogs.


  8	(a)* (b) This link is a lag, use Fig. 6.10(a), R1 = 10 kW, infinite frequency gain coefficient is 60, R3 = 1.5 MW, C = 5.3 nF	


	(c) This link is a lead, use Fig. 6.10(c); the zero frequency gain coefficient is 33.33,  R1 = 1000/34.33 = 29.1 ( 30 kW, R3 = 15.2 kW. At the pole frequency, R3 = wC, from here C = 35 nF.


  9	(a)* (b) Resistors are the same, capacitance are twice larger.	


	(c) R1 = 45.5 kW, R2 = 4.95 kW, C ( 30 mF


10		(a)* (b) R2 = 306 kW, R3 = 450 kW, C = 756 pF


	(c) the resistors are same as in case (a), and the capacitor 100 times larger, i.e. R2 = 306 kW, R3 = 477 kW, C = 40 nF. The capacitance is rather big. It would be better to reduce the capacitor by increasing the resistors the same number of times – if the resistor noise will remain acceptable.


11	The solution is not unique. The asymptotic Bode diagram for a quick-and-dirty approximation is shown in Fig. P6.4. Notice that at the first pole, the asymptotic response error versus the constant slope line was chosen larger than that at other poles, to counteract the rounding of the actual response. The chosen poles are 1.2, 8, and 50 Hz; the chosen zeros are 5 and 25 Hz.
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	Fig. P6.4   Asymptotic Bode diagram 	  Fig. P6.5   Bode diagram for W(s),


		for W(s), frequency in Hz	frequency in rad/sec





	The transfer function of s in rad/sec is therefore:


	� EMBED Equation.2  ���


	where the coefficient 482.5 is found from the condition for the gain coefficient to be 20 at dc as required, and the polynomial representation can be found with poly MATLAB function or with


			a = 482.5; b = [1 31.42]; c = [1 157.1];


			d = [1 7.54]; e = [1 50.27]; f = [1 314.2];


			ab = conv(a, b); num = conv(ab, c)


			de = conv(d, e); den = conv(de, f)


		The Bode diagram is shown in Fig. P6.5. The schematic diagram for the transfer function implementation using inverse op-amp configuration is shown in Fig. P6.6.
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Fig. P6.6   Inverting op-amp transfer function realization





	Resistor R1 is chosen to be 20 kW, a rather low value to reduce the resistor noise. Since W(s) is the ratio of the feedback path impedance to R1, the conductance of the feedback two-pole is


			� EMBED Equation.2  ���.


	The function YFB(s)/s can be decomposed into a sum of partial fractions 


			� EMBED Equation.2  ���


	with MATLAB function residue:


			num = [1 372 18540 119090];


			den = [9650000 1819200000 47633200000 0];


			[Residue, Pol, K] = residue(num, den)


		Residue =		  		  Pol =					K =


		0.1318e-4			-157.0977			 1.0363e-7


		0.0334e-4			  -31.4205


		0.0250e-4				0


			As seen (and as should be), the poles of YFB(s) are the zeros of W(s). Next, using the method described in Example 1 in Section 6.21 we identify each fraction with the divided by s admittance of a series connection of a resistor R and a capacitor C


			� EMBED Equation.2  ���.


	From here R = 1/Res and C = –Res/Pol. The values of the resistors and capacitors are shown in Fig. P6.5. The capacitances can be reduced n times if all the resistors are simultaneously increased n times. n = 5 might be a good choice for these particular values of the circuit elements.


12	Use SPICE.


13	Use FILTER1.


14	Use FILTER2.


15	When low dc drift is required, for example, in sensor amplifiers.


16	(a) Sallen-Key filter for the compensator 5/(s2 + 2.4s + 16) can be obtained by connecting a gain block 5/16 with the filter shown in Fig. 6.14. Here, wo = 4, z = 0.15, and Q = 6.67. Assuming R1 = R2 = 1 MW, the capacitances are:


		C2 = 1/[wo(R1 + R2)Q] = 0.0187(10–6 F, i.e. 0.0187 mF, and 


		C1 = 1/(wo2C2R1R2) = 3.34 ( 10–6 F, or 3.34 mF.


	(b) follow the methods described in solution to the problem 10 in Chapter 6.


	(c) follow the methods described in solution to the problem 10 in Chapter 6 for implementation, first, the upper Bode step and second, the lower Bode step.


17	Use FILTER1 software.


18	U/I = U/(qfs) = 1/(Cfs)


19	Use SPICE, SIMULINK or MATLAB.


20	Use a copy of the chart Fig. 6.23, then SPICE, then MATLAB.


21	(a) 0.13 Hz   (b) 1.3 kHz  (c) 20 kW - j130 W	(d) 4 nF  (e) 2.5 kW   (f) 7 nF, 25 kW


22	Use industrial catalogs.


23	Use SIMULINK.


24	Use SPICE.


25	Use MATLAB or SIMULINK.





Chapter 7


  1	*


  2	(a) *, (b) one angle and one torque; (c) x, y, and two forces; (d) x,y, rotation angle, and two forces and one torque; (e) one voltage and one current; (f) two voltages and two currents; (g) three voltages and three currents


  3	Ratios velocity/force, angular frequency/torque equal to the mechanical impedance (or, according to different definition, mobility).


  4	For mechanical system, the sum of forces applied to a rigid body (including D’Alembert force) is 0. For rotational system, the sum of torques is zero. For thermal, the sum of the heat flow and the heat accumulation in the thermal capacitance equals 0


  5	The diagrams are shown in Fig. P7.1.





� EMBED Visio.Drawing.3  ���


		(a)	(b)	(c)





Fig. P7.1   Electrical equivalent circuits





  6	Use MATLAB and SPICE


  7	*


  8	From Eq. (7.2-7.5), the solution is trivial.


  9	I = E/(RL + RS), U = ERL/(RL + RS)


10	Use MATLAB


11	Use MATLAB


12	Use MATLAB


13	Zo = ZS , T(0) = ZBCA/ZS, T(() = BCA, therefore, Zout = ZS[1 + ZBCA/ZS]/ [1 + BCA] , and if the feedback is large, Zout = Z.


14	The input impedance is: (a) *


	(b) Zo = R1R2(R1 + R2), T(0) = 10,000R1(R1 + R2),  T(() = 10,000,  Z ( R1.


	(c) Zo = (, T(0) = 10,000R1(R1 + R2),  T(() = 0,  Z = (. If Zo is not infinite but some leakage resistance value Rleak, then, Z = 10,000 R1Rleak(R1 + R2) is large.


	(d) For the circuit (c), the gain coefficient is 1 + R2/R1, the output impedance is very small, and the input impedance is very high. Then, using this circuit as a block, and neglecting first R3, we found for the input impedance Zo = R4, T(0) = 0, T(() = -(1 + R2/R1), and the input impedance is R4/(-1-R2/R1); then, adding  R3, the input impedance is R3 + R4/(1 + R2/R1).


	The output impedance is: (a) Zo = R2 , T(0) = 0, T(() = 10,000,  therefore Z ( 0 ;


	(b) Zo = R1 + R2 , T(0) = 10,000R1/(R1 + R2), T(() = 10,000, therefore Z =(R1 + R2)2/(10000R1)


	(c) the same as in the case (b);


	(d) assuming the output impedance of the op-amp is (, and the signal source impedance is 0, Zo = (R3 + R4)#(R1 + R2), T(0) = 0, T(() = 10,000 [R1/(R1 + R2) - R3/(R3 + R4)], and Z = Zo /[1 + T(()].


15	The impedance is: 


	(a) small


	(b) small


	(c) of the motor, some resistance defined by the ratio of tachometer feedback to the load cell feedback; at the load, same resistance plus flexibility of the shaft.


	(d) impedance at the output of the motor is large; at the load, it is small.


16	To avoid large losses of the output power, R3 << 50 W, which can be R3 = 10 W;  R1 >> 50 W, which can be R1 = 200 W. Then, from the formula, R2 = 50 W (or similar).


17	The output impedance is 3 m/(sec ( N). When the output is clamped, velocity is 0 and the force is the clamped (stall) force. When the output is open, the velocity is free run velocity, and the force is 0.


18	Use formula (7.13) and MATLAB


19	When expressed in the same unit system, the torque constant and the back electromotive force constant have the same value.


20	(a) E = Wf k2 = 4 V; tb = Wf /(RS k2) = 167 N ( m; t = Wf /(RS k2 + RL) = 71.4 N ( m


	(b) E = 2 V; tb = 800 N ( m; t = 97.6 N ( m


	(c) E = 23.0 V; tb = 1157 N ( m; t = 423 N ( m


	(d) E = 212.2 V; tb = 1360 N ( m; t = 829 N ( m


21	The formula (7.17) is given in Section 4.6.2. It can be derived using the chart Fig. 7.19, as:


			� EMBED Equation.2  ���


22	The chart is shown in Fig. P7.2. The back emf is 12 V, the output impedance is 0.312 m/sec2 ( N.


� EMBED Visio.Drawing.3  ���





Fig. P7.2   Flowchart for an electrical motor





23	(a),(b) The flowcharts are shown in Fig. P7.3.
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(b)


Fig. P7.3   Block diagram of cascade connection of driver, motor, gear, and load





24	(a), (b), (c) Use SIMULINK.


??10	Voltage feedback for (a), (b), (c); force feedback, or voltage feedback, or compound feedback for (d) - dependent on what is the plant.


25	Driving point impedance and transfer function have common poles (these are the zeros of the main determinant of the system equations).


26	The impedance is purely imaginary. The value of the imaginary component rises with frequency at all frequencies except the poles' frequencies where it drops from ( to -(. When the losses are nonzero, the real component of the impedance has maxima at the poles' frequencies.


27	(a) and (d) only


??13	Series feedback is disconnected when ZL = (. Alternatively, (7.12) reduces to T(ZL) = ZoT(0)/(Zo + ZL), i.e. T = 0 when ZL = (.


28	The output signal to noise ratio remains same if the sensor is disconnected from the plant, but remains connected to the feedback path.


29	(a) T = 1/(Lcs2) (b) T = 1/(RCs) (c) T = R/(Ls).


30	The transmission of one of the parallel path is much larger than the other (a common multiplier can be taken out of both links and connected as a separate link in cascade to connection of the two links in parallel).


31	The large feedback condition is equivalent to one impedance is much larger that the other in connection of two two-poles. In this case, the smaller impedance can be neglected when series impedance and the current are calculated.


		The problem can be also stated in dual form, when current is the input and voltage is the output. In this case, the smaller admittance can be neglected. This is the case that often takes place at the junction of  cascaded two-ports.


32	The diagrams are shown in Fig. P7.4. 
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Fig. P7.4   Systems equivalent to a feedback system with unity feedback path





Chapter 10


  1	Place these links in the feedback path of a high-gain amplifier.


  2	(a) With saturation in the feedback path, when the signal is small, the feedback path gain coefficient is 1 and the link’s gain coefficient is K/(K + 1) ( 1; when the signal is large, the feedback path does not conduct and the link’s gain coefficient is K. Therefore, the link approximates a dead zone cascaded with gain block K.


	(b) With dead zone in the feedback path, the link represents a saturation link with gain coefficient since when the signal is small, the feedback path is not conducting and the gain coefficient is K, and for large signals when the feedback path can be seen as 1, the link gain coefficient is K/(K + 1) ( 1.


  3	*


  4	The upper path of the rectangular limit cycle corresponds to the rising part of the triangular signal; the lower path, to the falling part of the triangular signal. The left and right sides of the limit cycle maps into the apexes of the signal shape.


  5	The limit cycles are shown in Fig. 10.28. Since the rate is different for the output to grow and to fall, but the amplitudes are same, the limit cycle for nonsymmetrical saw-tooth signal is as shown in Fig. P10.1(b).
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Fig. P10.1   Limit cycles for symmetrical (a) and asymmetrical (b) saw-tooth oscillation





  7	The system is AS for (b), (c), and no judgment can be passed for the bandpass system (d).


  8	The same answers as for problem 7.


  9	(a) nj; (b) nj; (c) nj; (d) y;	(e) nj; (f) nj; (g) y; (h) nj; (I) y; (j) j; (k) y


10	v = e + 1 : e < 1; v = e  : |e| < 1; v = e – 1 : e > 1.


11	The Bode diagrams are shown in Fig. P10.2.
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	Fig. P10.2   Bode diagrams	Fig. P10.3   Bode diagrams	


		for an AS system	for an AS system





12	The Bode diagrams are shown in Fig. P10.3.


13	Use the diagram  Fig. 10.22 with k = 10.


14	Although the meanings of the word "asymptotic" are different in the two terms, asymptotic Bode diagram can be used to establish asymptotic global stability (AGS), and also absolute stability (AS).


15 - 19 Research projects





Chapter 11


  1	(a) * (b) The phase margin is zero at 2.7 Hz, the gain at this frequency is 44.5 dB. With saturation, the system is unstable, has a limit cycle at this frequency (approximately). With dead zone, any system is conditionally stable; the frequency of the limit cycle is approximately the same.


	(c) The system is Nyquist-stable. The phase margin is zero at 23 rad/sec and at 300 rad/sec, with loop gain, respectively, 55 and 10 dB (all numbers approximate). The limit cycle is at 23 rad/sec. The oscillation can be triggered by application of a burst of oscillation with frequency 23 rad/sec which is within the basin of attraction of the limit cycle; many other vanishing signal will also trigger the oscillation. With dead zone, the system is conditionally stable, the frequency of the limit cycle is the same.


	(d) The phase margin is zero at 25 rad/sec, the gain at this frequency is 28 dB. With saturation, the system is unstable, has a limit cycle at this frequency (approximately). With dead zone, any system is conditionally stable; the frequency of the limit cycle is approximately the same


	(e) The phase margin is zero at 16 rad/sec, the gain at this frequency is 30 dB. With saturation, the system is unstable, has a limit cycle at this frequency (approximately). With dead zone, any system is conditionally stable; the frequency of the limit cycle is approximately the same


	(f) The phase margin is zero at 40 rad/sec, the gain at this frequency is 4.5 dB. With saturation, the system is unstable, has a limit cycle at this frequency (approximately). With dead zone, any system is conditionally stable; the frequency of the limit cycle is approximately the same


	(g) The system is Nyquist-stable. The phase margin is zero at 36 rad/sec and at 560 rad/sec, with loop gain, respectively, 80 and 20 dB (all numbers approximate). The limit cycle is at 36 rad/sec. The oscillation can be triggered by application of a burst of oscillation with frequency 36 rad/sec which is within the basin of attraction of the limit cycle; many other vanishing signal will also trigger the oscillation. With dead zone, the system is conditionally stable, the frequency of the limit cycle is the same.


  2	1/3, 1/5, 1/7 relative to the fundamental, respectively.


  3	(a) 28 + 14 = 42 dB which can be seen as 60 - 6 - 6 - 6 dB, i.e. 1000/8 = 125 times; (b) 51 dB or 343 times


  4	We can place two cascaded links, a LP following by a HP, while LP ( HP = 1, in and the saturation as a new nonlinear link. The rest of the loop in this case has front of the saturation link. Then, we consider the cascade connection of the HP excellent filter properties. However, the new nonlinear link is very sensitive to the harmonics at its input. Certainly, since the new and old loops are basically identical, the harmonics intermodulation will have the same effect on the fundamental in both cases.


			The typical nonlinear links of automatic control systems are not excessively sensitive to the shape of the incident signal to prevent from using DF method.


  5	Since anyhow self-oscillation must be eliminated at all frequencies.


  6	(b) -13 dB (c) -23 dB (d) 0.3 (e) 0.16


  7	(b) -2.5 dB (c) -1 dB (d) 0.55 (e) 0.75


  8	(b) -13 dB (c) -23 dB (d) 0.25 (e) 0.13


  9	Same answers as in problems 6, 7, 8


10	(a) decreases 10 times; (b) decreases 2 times


11	(a), (b) DF remains approximtely equal to 1


12	(a) 1.5(E/1.3)2 – 0.27(E/1.3)–4


	(b) 1.46(E/2.3)2 – 0.27(E/2.3)–4  


	(c) 1.45(E/3.3)2 – 0.27(E/3.3)–4 


	(d) 1.51(E/5)2 – 0.27(E/5)–4  


13	(a) Using plots on Fig. 11.7, the ratio for the saturation is 23, the ratio for the dead zone, 1.15. (b) saturation ratio 4, dead zone ratio 1.7  (c) saturation ratio 7, dead zone ratio 1.3


14	Use MATLAB: plot Bode diagram; then plot Nyquist diagram on L-plane with


	[mag, phase] = bode(num, den);


	plot(phase, 20*log10(mag))


	title('L-plane Nyquist diagram')


	set(gca,'XTick',[-270 -240 -210 -180 -150 -120 -90])


	grid


	Then, mark frequencies from Bode diagrams on the Nyquist diagram; then make DF plot by hand (a MATLAB function for this can be written for an extra credit).


15	9.2o


16	(a) The input-output characteristic is shown in Fig. 11.11(a), 11.13(a). The input voltage to current characteristic is shown in Fig. P11.1. When the input voltage changes, the signal jumps as shown by the arrows. The same happens when the input current changes.
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Fig. P11.1   Input current/voltage characteristic of the Schmitt trigger





	Notice that the characteristic is a 3-valued function both for u and I, as opposed to the more common S- or N-shaped functions. On the central branch, the impedance has both a real positive pole and a real positive zero, and is therefore unstable when open or shorted.


17	The dead zone is 8 V, the period T = 13.3 msec.


18	The oscillation is non-symmetric. While the payload temperature is increasing, the power is 1.8 kW, i.e. qT = 1.9 Btu/sec, and while the heater is switched off and the payload temperature goes down, the power is - 0.2 kW. The time of heating is 10o ( CT /qT = 11.1 sec, the time of cooling is 100 sec, thus, the oscillation period is 111.1 sec.


19	The corner frequency is, correspondingly, 8 mHz, 16 mHz, and  0.8 mHz.


20	(a) DF is 1, the phase shift is -57.9 o ; 


	(b) DF is 0.127, the phase shift is -9o; 


	(c) DF is 0.0127, the phase shift is 0.9o.


21	If the saturation level is 2 to 5 times larger than the dead zone in the feedback path, it will not affect the system performance since the dead zone in the feedback path will serve as the gain limiter, and the signal in the forward path will not reach the saturation level.


22	Use MATLAB


23	Use MATLAB or SIMULINK


24	Use MATLAB


25	Use SPICE and SIMULINK


26	Overloading the link will introduce 90o phase lag into the main loop which quite probably will make the system unstable.


27	Overloading the link will introduce 90o phase lead into the main loop which will improve the stability margins in the main loop and make the system less likely to self-oscillate due to other nonlinear effects.


28	A burst of a periodic signal with the amplitude large enough to bring the loop gain down to 0 dB, and with the frequency at which a limit cycle would occur if the system has no NDC.


29	The system is conditionally stable. It has a limit cycle with frequency 26 rad/sec, the loop gain at this frequency is 120 dB. The DF of saturation is –120 dB at the limit cycle, and the output of the saturation link is practically P-shaped. The input of the saturation has third harmonics (at 78 rad/sec) attenuated by the loop approximately by 30 dB (since the loop gain is at this frequency approximately 90 dB), i.e. 30 times. Therefore, third harmonic at the input to the saturation link is approximately 100 times smaller than the fundamental, and the signal is, practically, sinusoidal.


			The phase margin is zero also at  1250 rad/sec and the gain at this frequency is 20 dB, but this solution is unstable. 


30-32 Research projects





Chapter 12


  1	Use analogy described in Section 3.10.2.


  2	The system is not process stable. For the system to be process stable, the steepness of the Bode diagram needs to be reduced from -10 dB/oct to -6 dB/oct. At frequency 0.03 Hz which is 5 octaves below the crossover, the feedback reduces from 50 to 30 dB.


  3	The system (a) is process stable; (b) is not process stable; (c) yes; (d) not; (e) yes; (f) not


  4	The proof is trivial.


  5	For a feedback system with a dead-zone link, the response is shown in Fig. P12.1.
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	Fig. P12.1   Jump resonance in a	Fig. P12.2   Jump resonance in a 


		system with dead zone	system with dead zone and saturation





  6	For a feedback system with a link with dead-zone and saturation, the response is shown in Fig. P12.2. When the phase stability margin is small, both notches are deep, and at some U = U5, five solution exist of which three are stable. This way, generally, a multilevel memory cell can be created.


  7	(a) From (12.9), E'a  = 1.27/2 = 0.63; (b)  0.51; (c) 0.8


  8	(a) 20o, from Fig. 12.8; (b) 40o


  9	Less than 15o as seen in Fig. 12.13.





Chapter 13


  1	Use SPICE or SIMULINK.


  2	Use SPICE or SIMULINK.


  3	Use SIMULINK.


  4	Use MATLAB, SPICE or SIMULINK.


  5	Since the plant parameter variations are small, it is worth using command feedforward. The loop response in the neighborhood of the crossover frequency depends on what is the dependence of the noise spectral density on the frequency. This can be a Bode step or a PID-type response. Further design can be done with asymptotic Bode diagrams followed by computer simulation.


  6	Use MATLAB, SIMULINK or SPICE; the advantage of using command feedforward decreases with plant uncertainty.


  7	Research project. Use SIMULINK or SPICE.


  8	Research project. Use SIMULINK or SPICE.


  9	Research project. Use SIMULINK or SPICE.
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