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Abstract

:

This study proposes a new method to design an analog circuit based on the control model of the circuit, and the method is applied in the design of the power amplifiers for driving piezoelectric stack actuators. Focusing on the stability of the circuit, two power amplifiers for driving piezoelectric stack actuators are analyzed deeply. The power amplifier using high-voltage operational amplifiers has a simple circuit structure, and the bandwidth and the ripple of the power amplifier are about 43 kHz and 16 mV, respectively. As for the power amplifier using general operational amplifiers, it possesses the qualities of low cost and simple circuit structure, and the bandwidth and the ripple are 53 kHz and less than 2 mV, respectively. Moreover, the proposed power amplifiers can well drive the mechanism stage during the moving range of the piezoelectric stack actuator, and the travelling ranges are both about 13 μm. Viewing the circuit design as control system design, applying control system design method in circuit design and working with PSpice simulation of the circuit: these are the main contents of the proposed method, and the method offers an answer to designing a power amplifier systematically.
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1. Introduction


The circuit shown in Figure 1 is very common, and it might be introduced in every textbook about circuit theory. When the operational amplifier is ideal, the voltage VOUT can be expressed as:


   V  O U T   =    R 1  +  R 2     R 1     V  I N    



(1)







It is obvious that the ideal operational amplifier cannot be found, so that Equation (1) is an approximation. When VIN is realized by voltage references, the circuit can be considered as a voltage source. It is common that the voltage of voltage sources drops while the load resistance of the voltage sources is made smaller, but Equation (1) does not offer the information. It is valuable to explore new method to analyze such circuits deeply.



Some studies have done such work. Reference [1] proposes a new operational amplifier model for evaluating test strategies at a behavioral level, and the simulation results show that the model presents a good agreement with the transistor-level version of the amplifier. Reference [2] proposes a method to fully characterize noise in the operational amplifier; the method allows the extraction not only of the spectra of the equivalent input current noise and equivalent input voltage noise generators but also of their cross-correlation coefficients, and a key finding is that neglecting the cross-correlation coefficient between the two equivalent input current noises can lead to severe errors in noise analysis. In reference [3], a high input impedance circuit to convert a single ended voltage to its differential counterpart is proposed, and the design makes full use of the characteristics of operational amplifiers and well applies closed-loop feedback control. In reference [4], the equivalent small parameter method is used to establish the nonlinear mathematical model of the fractional-order buck–boost converter in continuous current mode, and the method has achieved satisfying results. In reference [5], a unified model is proposed for small-signal modelling in current controlled converters using the discrete-time analysis method, and simulations and experiments are committed to verify the proposed model. Reference [6] introduces an additional operational amplifier that is utilized as a buffer to improve the Howland voltage controlled current source, a complete analysis including a new two-port analysis of the circuit is presented, and the results indicate that the method increases output impedance, improves noise performance and achieves stability easily. In reference [7], the hysteresis-PI control algorithm is used in shunt active power filter design, and the effectiveness of the filter in minimizing the current harmonics has been evaluated under balanced and unbalanced nonlinear load conditions. Reference [8] goes further, the paper applies sliding-mode controller in the design of fourth-order class-D Amplifier, and experimental results reveal that the proposed controller effectively flattens the frequency response of the fourth-order amplifier and results in THD and voltage overshoot of 0.6% and 1 V respectively. The paper [9] applies cascode and Miller compensation for three-stage amplifiers to drive a pF-to-nF capacitive load, the simulation results show at least 0.88 MHz GBW is achieved under 4 pF to 1.5 nF capacitor load while the on-chip compensative capacitance is only 1.05 pF. These works have achieved brilliant results. However, as the methods of these works can only be utilized in specific circuit designs, they can hardly be applied to other fields directly.



It is more sensible to explore the philosophical thoughts of these works rather than to study their methods, and the philosophical thoughts lie in the way these papers have applied system modelling or control theory in the design of the circuit. This idea may enlighten the design of the power amplifiers for driving piezoelectric stack actuators, which are widely applied in micromachining, industrial precision positioning systems and biomedical engineering but have problems in being driven, as they always have large capacitance [10,11,12].



Some studies have done basic research. Reference [13] proposes a 15 W power amplifier to drive piezoelectric stack actuators; in order to save energy, the power supply of the high-voltage operational amplifier is controlled by the input signal, and the power amplifier has about 40 mV output voltage ripples. In reference [14], high-voltage operational amplifiers are utilized to design power amplifiers for driving piezoelectric stack actuators directly, high-voltage operational amplifiers need dissipating heat well and the output bandwidth of the proposed power amplifier can reach 20 kHz. Applying the schematic described in Figure 1, reference [15] designs a power amplifier for driving piezoelectric stack actuators; the reference does not offer much theoretical analysis, the design relies on simulation and the output voltage ripple of the designed power amplifier is less than 20 mV. Reference [16] uses an isolation amplifier and subtracting amplifier to design an innovative power amplifier; the merits of the amplifier include a wide bandwidth and high potential power, and experiments using a six-level arrangement demonstrate a 100 kHz bandwidth with ±200 V output swing for different capacitive loadings. Reference [17] designs a high-voltage operational amplifier by discrete electronic elements; a power amplifier is proposed using the operational amplifier as a noninverting amplifier, and the ripple and bandwidth are about 2 mV and 57 kHz, respectively. There are also some works about charge drivers for piezoelectric stack actuators. In reference [18], a new charge driver circuit and electrical configuration are implemented which allows commonly available piezoelectric bimorphs to be linearized; this circuit consists of four major components: a high-voltage amplifier, a differential amplifier, a piezoelectric load and a PI feedback controller, and experiments show a significant improvement of the hysteresis of the bender when compared to a typical voltage driver. Reference [19] presents a novel controller circuit to overcome the issues of low-frequency performance, long settling time, floating-load and loss of stroke, and experimental results show that the presented charge controller can effectively reduce more than 88% of the hysteretic nonlinearity even when the operating closes to the transition frequency. These works in the mentioned references are innovative, and they all fully explore the advantages of the operational amplifier which are high input impedance and high magnification. Based on these researches and the idea applying control theory in circuit design, it is liable to propose a unified method to design power amplifiers for driving piezoelectric stack actuators, and the method is simple and flexible to be applied in engineering.



A new perspective to view the analog design is thoroughly described in this paper. The perspective creates the model of the designed circuit and analyses the essential performances by classical control theory. Based on the method, two kinds of power amplifiers for driving piezoelectric stack actuators are proposed, one uses high-voltage operational amplifiers as the controller, and the other applies general operational amplifiers. The two kinds of power amplifiers are analyzed by the proposed method which focuses on the stability of the circuit, and prototype circuit of the proposed power amplifiers is simulated and tested. Aiming to evaluate the designed power amplifiers, the power amplifiers are used to drive a 1 dimension stage during the motion range of the mechanism. Those works prove that the proposed method is a systematic approach to the design of power amplifiers and make the design of the power amplifier simple. The novelty of the paper is that the control model of the circuit is set up by the classical control theory, the performances of the circuit are analyzed by the control model qualitatively and the control model of the circuit is used to adjust the structure of the circuit and provide direction for simulation.



The organization of this paper is as follows. Section 2 presents the method based on the problem described in the introduction. In Section 3, a power amplifier using high-voltage operational amplifiers is designed, analyzed, simulated and tested. In Section 4, considering the high price and little choice of high-voltage operational amplifiers, a power amplifier using general operational amplifiers is designed, analyzed, simulated and tested. In Section 5, the designed two power amplifiers are tested with the mechanism. Finally, the main conclusions are described in Section 6.




2. The Proposed Approach


Operational amplifiers generally have outstanding amplified ability on differential-mode signals, their inputs have higher input impedance and they have excellent ability to suppress common mode signals. Therefore, their control block diagram can be shown in Figure 2. In reference [1], the transfer function A(s) can be expressed as:


  A ( s ) =  A  (  S 1  − 1   s + 1 ) (  S 2  − 1   s + 1 )    



(2)




where S1 and S2 are poles of the operational amplifier and A is the open loop voltage gain. Based on this characteristic of the operational amplifier, the operational amplifier can be used as the controller of the circuit and the classical feedback control theory can be applied in the analog circuit design. The schematic and the control block diagram of the analog circuit can be shown in Figure 3 and Figure 4, respectively.



In the figures, G(s) is the transfer function of the forward network and H(s) is the transfer function of the feedback network. The forward network can use inner-loop feedback control to further weaken the nonlinearity of the circuit model, which makes the setting of the system easier. There are some methods to realize the inner-loop control, and the common and sensible method is utilizing the characteristics of electronic components. In the introduction, it is such an example that applies the MOSFET as the output stage of the circuit, and the circuit principle and the control block diagram of the MOSFET are shown in the Figure 5.



In the control block diagram, B(s) is the RC filter composed by Rg and the input capacitor of the gate of the MOSFET. The relationship between Id and V is generally a nonlinear function, and the voltage V is the voltage difference between Vg and Vs. The local linearization of the function can be expressed by Equation (3):


   I d  = f ( V ) = f (  V 0  ) +  f ′  (  V 0  ) ( V −  V 0  )  



(3)




where V0 is the bias voltage. The Equation (3) can be further expressed by Equation (4):


   I d  =  f ′  (  V 0  ) V + f (  V 0  ) −  V 0   f ′  (  V 0  ) = K V + P  



(4)







Based on Equation (4), the model of the MOSFET can be expressed by Figure 6. In the model, K is the mutual conductance parameter of the MOSFET, which can be obtained from the manual of the MOSFET, and the parameter P can be abstracted as a disturbance.



Based on the models of the MOSFET and the operational amplifier, the control block diagram of the circuit mentioned in the introduction can be expressed as Figure 7.



Based on the control block diagram, the transfer function of the system can be described as:


     V o  ( s )    V i  ( s )   =    K 1  A ( s ) B ( s )   1 +  K 1  A ( s ) B ( s ) H ( s )    



(5)







In Equation (5), the parameter K1 can be expressed by Equation (6):


   K 1  =   K  R L    1 + K  R L     



(6)




where RL is the resistance value of the load. Based on the control block diagram shown in Figure 7, the load regulation rate of the voltage source in the introduction is caused by the steady-state error of the control system as the load RL is changed. In order to reduce the steady-state error, it is liable to increase the open-loop gain of the whole system as much as possible when the system is stable.



The proposed method, exploiting the characteristics of the operational amplifier and some electronic components, transforms the design of the analog circuit into the design and calibration of the control systems, and the method can be effectively applied in the design of power amplifiers for driving piezoelectric stack actuators.




3. Power Amplifiers Using High-Voltage Operational Amplifiers


3.1. The Model of the Power Amplifier and Its Stability Analysis


The schematic of the power amplifier using high-voltage operational amplifiers is shown in Figure 8. Based on the circuit mentioned in the introduction, to the circuit is added a negative current output circuit and PA341DF is selected as the operational amplifier. The power supplies VCC and VSS are 130 V and −15 V, respectively. The control block diagram of the circuit is shown in Figure 9. As introduced in Section 2, the high-voltage operational amplifier forms the subtracter and the controller A(s), the resistance R1 or R2 and the input capacitance of the next stage form the filter D(s), the load is the capacitor which replaces the piezoelectric stack actuator and the MOSFETs are modelled as the inner feedback control loop. R4-5 and C2 are modelled as the feedback network of the circuit, whose transfer function is H(s).



The parameters of the models can be found in the manuals of the electronic components; some values of those electronic components are changed during a range, but the closed-loop control system can effectively reduce the influence of the parameters’ dispersion on the final control results. The parameters are shown in Table 1.



The parameter KB is taking from the conductance parameter of NMOSFET M1, and the range can be determined as 0.5–100 based on the manual of the device. The range is large, which completely covers the changing range of conductivity parameter and fully considers the change of open-loop gain. Based on the control block diagram, the transfer function of the power amplifier is described as:


  Φ ( s ) =   A ( s ) D ( s ) X ( s )   1 + A ( s ) D ( s ) X ( s ) H ( s )    



(7)




where X(s) is the transfer function of the inner loop. As the control system model of the circuit has been established, the analysis of the control system is different for different circuits. As to the power amplifiers, the most important analysis is the stability of the control system. While the open-loop gain of the circuit is changed from 0.5 to 100, the root locus of the circuit is shown in Figure 10, and the figure has given the changes as the open-loop gain becomes larger.



The root locus is the path of the roots of the characteristic equation traced out in the s-plane as a system parameter is changed, which is the open-loop gain in the design. Analyzing the root locus of the circuit, the roots of the closed loop control system always have negative real parts as the open-loop of the circuit changes, so that the conclusion can be draw that the circuit is stable as the open-loop gain is changed in its range. When the value of the open-loop gain is determined, the performances of the circuit can be calculated by the transfer function of the closed-loop control system. As the value KB cannot be directly gotten from the manual, the concrete value of the open-loop gain is always difficult to be obtained. So it is more convenient to simulate the circuit by PSpice when the circuit is convinced to be stable.




3.2. Simulation and Analysis


Software Cadence 16.6 is a powerful tool to simulate the analog circuit, and it is used to implement the simulation of the power amplifier. In the simulation, the positive and negative powers are set as +130 V and −15 V, respectively.



Figure 11 presents the simulated amplitude–frequency characteristic of the power amplifier. It is easy to achieve the conclusions that the passband magnification is 28.04 dB, and the system bandwidth and the 0 dB bandwidth are about 42 kHz and 1.7 MHz, respectively. In analog circuit analysis, the magnification is determined by H(s) during the low frequency range, the value is 25.24 times (about 28.04 dB) and the simulation results are in line with this principle.



The responses of the designed power amplifier to periodic signals such as a sinusoidal wave and square wave are important ways to value the circuit performances. Connecting the input to a sinusoidal wave which has 5 V amplitude, 2.5 V offset and 100 Hz frequency, the simulated input–output waveforms are described in Figure 12. When connecting the input to a square wave which has 5 V amplitude, 100 Hz frequency and 10 µs rising and failing time, the simulated input–output waveforms are described in Figure 13, which contains the details of the rising edge and falling edge. According to Figure 11, Figure 12 and Figure 13 the input signals are well amplified by the power amplifier and the output signals have on obvious distortion. The transient response agrees with the amplitude–frequency characteristic of the power amplifier. The reason for setting the frequency of the periodic at 100 Hz is that the motion frequency of the mechanism which the power amplifier is applied in is lower than 100 Hz.



The simulated results are achieved by the PSpice circuit model, and the model has concrete values for the parameters which are uncertain in theoretical analysis. The amplitude–frequency characteristic and the transient response achieved by simulation show that the designed power amplifier has the same properties as a closed-loop control system, which is in line with the theoretical analysis.




3.3. Experimental Results and Comments


The tests to evaluate the power amplifier are described in Figure 14. The power supplies are two DH1722A-5s from Dahua Radio Instrument Factory [20], and the voltage powers are set as −15 V and 130 V, respectively. The waveform generator producing the desired signal is 33622B from Keysight Technologies [21], the tests use an oscilloscope (MSO5204, Tektronix Corporation [22]) to achieve the waveforms and the amplitude–frequency characteristic of the power amplifier is achieved by a network analyzer (E5061B, Keysight Technologies [21]). The test uses a high-voltage capacitor (250 V, 4.7 μF) as the load of the designed power amplifier.



Figure 15 presents the frequency–amplitude characteristic of the designed power amplifier. In the figure, the magnification of the passband is 28.043 dB, the system bandwidth is about 43 kHz and bandwidth for 0 dB is about 2.19 MHz. Compared with the simulated result, the overall shape of the measured frequency–amplitude characteristics agrees with the results of simulation analysis during the range from DC to 0 dB bandwidth; the simulation result is different from the measured result, as the frequency is higher than 10 MHz; but the differences would have few impacts on the application of the power amplifier. When the frequency is higher than several MHz, the parameter of the print circuit board and the distribution parameters of the electronic components could not be neglected simply. The power amplifier works mainly during the passband whose frequency is always less than several kHz, and the differences between the measured frequency and the simulated frequency at the key frequency points are tiny; it is sensible to consider that the results of the measurement are in line with the results of the simulation.



The output ripple is an important performance to evaluate the circuit noise in the time domain, and it is common to use oscilloscopes to measure the circuit ripple as the input terminate of the circuit is connected to the ground. As the output displacement accuracy of the piezoelectric stack actuator is influenced by the output ripple of power amplifiers, the output ripple is a critical performance for power amplifiers. When measuring the output ripple of the designed power amplifier, a probe (P2221 from Tektronix Corporation [22]) was used as the probe in order to limit the input frequency to 6 MHz. Figure 16 shows the achieved ripple of the power amplifier, and it is considered that the output ripple of the power amplifier is less than 16 mV.



When testing the power amplifier, as the input signal is periodic, a high-voltage capacitor (250 V, 4.7 μF) is used as the load of the power amplifier. Using the waveform generator to produce a 100 Hz sinusoidal wave or 100 Hz square wave as the input of the power amplifier, respectively, the parameters of these waves agree with the simulation, and the measured input–output waveforms are demonstrated in Figure 17 and Figure 18. Analyzing the output signal, the conclusion can be draw that the power amplifier can respond to the periodic input well, and it agrees with the simulation results.



The measured results show that the proposed design method can be applied in the design of power amplifiers flexibly. The designed power amplifier has good performances, and it can be used to drive piezoelectric stack actuators. Furthermore, based on the circuit structure shown in Figure 8, a series of power amplifiers can be designed and analyzed by the proposed method.





4. Power Amplifiers Using General Operational Amplifiers


4.1. The Model of the Power Amplifier and Its Stability Analysis


High-voltage operational amplifiers are more expensive than general operational amplifiers, and it is meaningful to apply general operational amplifiers to design power amplifiers for driving piezoelectric stack actuators. Based on the proposed method, the schematic and the control block diagram of the designed power amplifier are shown in Figure 19 and Figure 20. Just as shown in the figures, the operational amplifier OPA228U is selected, and it forms the subtracter and the controller A(s). The resistance R5 and the input capacitance of J1 form the filter D(s), and the feedback network is realized by R9-10 and C2 whose transfer function is H(s). The amplification of voltage and current is realized by the transistor circuit, and the transfer function of the circuit is X(s). The transfer function X(s) can be decomposed into many functional parts. Transistors J1, Q1–3, resistors R1–2, R4 and R7 realize the voltage amplification for the circuit, and the linearized amplification can be expressed as KA. The resistance R3 or R6 and the input capacitance of the next stage form the filter B(s). Just like the power amplifier designed by the high-voltage operational amplifiers, the MOSFET is modelled as the inner feedback control loop, and the load is the capacitor CL which replaces the piezoelectric stack actuators. The circuit uses a feedback network for correction, the feedback network is realized by R8 and C1 and the transfer function is HA(s).



The inner loop realized by MOSFET can reduce the impact of load CL. The transfer function X(s) is:


  X ( s ) =    K A  B ( s ) M ( s )   1 +  K A  B ( s )  H A  ( s ) M ( s )   ≈  1   H A  ( s )    



(8)




where M(s) is a function of the inner loop realized by MOSFET. The simplification of Equation (8) is considered such that the amplifier realized by the transistors generally has a high magnification. In the equation, HA(s) can be expressed as:


   H A  ( s ) =    R 8     R 8  +  1   C 1  s     =    R 8   C 1  s    R 8   C 1  s + 1   =    T A  s    T A  s + 1    



(9)







The circuit parameters of the models in Figure 20 can be found in the manuals of the electric components. The parameters are shown in Table 2.



Based on the information in Table 2, the overall transfer function can be expressed as:


  F ( s ) =   A ( s ) D ( s ) X ( s )   1 + A ( s ) D ( s ) X ( s ) H ( s )    



(10)







The power amplifier for driving piezoelectric stack actuators needs the ability to drive a large capacitor, and the stability of the system is the most important concern in system analysis. Considering that the open-loop gain of the system would be changed 0.5–1.5 times, the change is introduced by the dispersion of circuit parameter, and the root locus of the system is shown in Figure 21.



Analyzing the root locus of the circuit, the roots of the closed loop control system always have negative real parts as the gain of the circuit changes, so that the conclusion can be drawn that the circuit is stable as the open-loop gain is variable in its range. As qualitative analysis has been obtained by the control model of the circuit, the more concrete performance of the power amplifier can achieved by PSpice simulation. The control system of the circuit is modelled to draw definite conclusions and the concrete performance of the circuit is achieved by simulation: these are the essences of the proposed design method.




4.2. The Simulated and Experimental Results


As with the power amplifier using a high-voltage operational amplifier, software Cadence 16.6 is used to simulate the circuit. When implementing the simulation, the powers of VCC and VSS are set as +130 V and −15 V, respectively, and the power supplies of the operational amplifier are set as +15 V and –15 V, respectively. Figure 22 describe the test setup of the power amplifier, and the power supplies are DH1722A-5 and DH1715A-5 from Dahua Radio Instrument Factory [20] which is different from the tests of the power amplifier using high-voltage operational amplifiers.



The simulated and the measured amplitude–frequency characteristics of the power amplifier are shown in Figure 23 and Figure 24. The simulated and measured magnifications are 27.96 dB and 28 dB, the simulated and measured system bandwidths are about 50 kHz and 53 kHz, and the simulated and measured 0 dB bandwidths are 847 kHz and 846 kHz, respectively. The shapes of the simulated and measured amplitude–frequency characteristics matches each other well during the range from DC to 0 dB bandwidth, and they are ideal shapes for closed-loop control system. The shapes are different, though, in the high frequency range that is about 10 MHz, and the reasons for the differences have been given in Section 3.3. Fortunately, the power amplifier works mainly during the passband whose frequency is always less than several kHz, and the differences would have few impacts on the application of the power amplifier. According to the simulated and measured data, the magnification of the power amplifier can be calculated by H(s) during the low frequency range, and it is also in line with the proposed theory.



Just as with the designed power amplifier using high-voltage operational amplifiers, the simulated and measured waveforms with the input as a sinusoidal wave are shown in Figure 25 and Figure 26. In the simulation and the test, the input sinusoidal wave has 5 V amplitude, 100 Hz frequency and 2.5 V offset; while changing the input wave to a square wave whose amplitude is 5 V, frequency is 100 Hz, offset is 2.5 V and rising and failing time is 10 µs, the simulated and measured waveforms are shown in Figure 27 and Figure 28. These figures contain the rising and failing details of the waveforms, and the simulated results and the measured results match well. According to these figures, the conclusion can be draw that the designed power amplifier using a general operational amplifier can well respond to periodic input signals.



Just as with the designed power amplifier using high-voltage operational amplifiers, the ripple of the power amplifier using general operational amplifiers is tested while the input is connected to the ground, and the test is used to evaluate the output noise of the power amplifier. The measured ripple is shown in Figure 29, and the ripple of the designed power amplifier using general operational amplifiers is less than 2 mV. It is known that the noise of power amplifiers is decided by the first stage of the power amplifiers, and general operational amplifiers have a better performance on noise than high-voltage operational amplifiers, so that the ripple of the power amplifiers using general operational amplifiers is lower than the power amplifier using high-voltage operational amplifiers.



The simulated and measured results of the power amplifier are presented by comparison, and the two results match each other well. The simulation and the tests demonstrate that the proposed method could well be applied in the design of the power amplifier.





5. Tests with Mechanical Stage and Some Comparisons


The tests with the mechanical stage are shown in Figure 30. The mechanical stage is driven by a piezoelectric stack actuator, whose type and producer are P887.51 and Physik Instrumente [23], respectively, and the maximum displacement of the mechanical stage of 1 degree of freedom is about 13 μm. A grating ruler (Heidenhain LIP281) installed in the mechanical stage can measure the displacement of the mechanical stage, and the displacement can be acquired and stored by the grating ruler acquisition circuit. The designed two power amplifiers are used to drive the piezoelectric stack actuator, respectively, and the input signal of the power amplifiers is generated by a waveform generator (Keysight 33622B). The tests are done in a constant temperature laboratory, and the laboratory is controlled by a precise environmental control system whose ambient temperature is 22 ± 0.2 °C.



The input signal is shown in Figure 31, and the step voltage and the step time of the input signal are 0.4 V and 10 ms, respectively. The displacements of the mechanical stage excited by the designed two power amplifiers are shown in Figure 32. According to these figures, the output displacements of the mechanical stage driven by the proposed two power amplifiers are both about 13 μm, and the positive and negative steps of the displacement are both about 1.3 μm. The data demonstrate that the proposed two power amplifiers can drive the piezoelectric stack actuator well. Although the designed two power amplifiers have different electronic performances on ripples and bandwidth, there are few differences on the mechanical performances between the designed two power amplifiers.



The comparisons between the power amplifiers proposed in this paper and some references are listed in Table 3. The main performances of the power amplifiers listed in the table are ripple, bandwidth, cost, size and circuit complexity. The circuit complexity of power amplifiers is evaluated by the structure of power amplifiers and the number of electric elements used in the circuit. The designed power amplifiers in this paper using high-voltage operational amplifiers and general operational amplifiers are referenced as work A and work B, respectively. Considering the power amplifiers in reference [14], reference [15] and the work A, they all reduce the circuit complexity by the integrated device (high-voltage operational amplifiers), which makes the price higher. The power amplifier B possesses the qualities of low ripple, small size, low cost and simple circuit structure, which reveals the superiority of the proposed method.




6. Conclusions


In this article, a new method to design analog circuits is introduced in detail. The method views the circuit as a closed-loop feedback control system, sets up the control model of the designed circuit, uses operational amplifiers as controller of the control system and applies the correction method of classical control theory to adjust the structure and parameters of the circuit. Based on the control model of the circuit, the method can analyze the crucial performance of the circuit, which is stability in the design of power amplifiers, and offers orientation for circuit simulation and circuit parameter adjusting. Applying the proposed method in the design of power amplifiers which are applied to drive a piezoelectric stack actuator, two power amplifiers using different kinds of operational amplifiers are designed. The designed two power amplifiers can well respond to the periodic input; the system bandwidths of designed two power amplifiers are about 43 kHz and 53 kHz; the ripples of the designed two power amplifiers are less than 16 mV and 2 mV; and the designed two power amplifiers can stably drive the mechanical stage during its motion range. The successful application of the method to design power amplifiers has shown that the proposed method is simple, that the method can be realized in engineering easily, and that it could be widely applied in the design of power amplifiers.
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Figure 1. Current expansion circuit for operational amplifier. 






Figure 1. Current expansion circuit for operational amplifier.



[image: Electronics 10 00720 g001]







[image: Electronics 10 00720 g002 550] 





Figure 2. The control block diagram of an operational amplifier. 
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Figure 3. The schematic of the analog circuit. 
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Figure 4. The control block diagram of the analog circuit. 
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Figure 5. The control block diagram of the MOSFET. 
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Figure 6. The control block diagram of the MOSFET. 
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Figure 7. The control block diagram of the circuit mentioned in the introduction. 
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Figure 8. The schematic of the power amplifier using high-voltage amplifiers. 






Figure 8. The schematic of the power amplifier using high-voltage amplifiers.



[image: Electronics 10 00720 g008]







[image: Electronics 10 00720 g009 550] 





Figure 9. The control block diagram of the circuit. 
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Figure 10. The root locus of the power amplifier. 
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Figure 11. Simulated amplitude-frequency characteristic of the power amplifier using the high-voltage operational amplifier. 
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Figure 12. Simulated sinusoidal input–output response for the power amplifier using high-voltage operational amplifiers. 






Figure 12. Simulated sinusoidal input–output response for the power amplifier using high-voltage operational amplifiers.



[image: Electronics 10 00720 g012]







[image: Electronics 10 00720 g013 550] 





Figure 13. Simulated square wave input–output response for the power amplifier using high-voltage operational amplifiers; (a) the overall perspective waveform; (b) the rising edge and the falling edge of the waveforms. 
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Figure 14. The tests for the power amplifier using high-voltage operational amplifiers. 
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Figure 15. Measured frequency–amplitude characteristic for the power amplifier using high-voltage operational amplifier. 
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Figure 16. Measured ripple of the power amplifier using high-voltage operational amplifier. 
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Figure 17. Measured sinusoidal input–output waveforms for the power amplifier using high-voltage operational amplifiers. 
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Figure 18. Measured square wave input–output waveforms for the power amplifier using high-voltage operational. 
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Figure 19. The schematic of the power amplifier using general operational amplifiers. 
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Figure 20. The control block diagram of the power amplifier using general operational amplifiers. 
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Figure 21. The root locus of the power amplifier. 
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Figure 22. Photograph of tests for the power amplifier using general operational amplifiers. 
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Figure 23. Simulated frequency–amplitude characteristic for the power amplifier using general operational amplifiers. 
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Figure 24. Measured frequency–amplitude characteristic for the power amplifier using general operational amplifiers. 
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Figure 25. Simulated waveforms for the power amplifier using general operational amplifiers. 
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Figure 26. Measured sinusoidal input–output waveforms for the power amplifier using general operational amplifiers. 
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Figure 27. Simulated waveforms for the power amplifier using general operational amplifiers; (a) the overall perspective waveform; (b) the rising edge and the falling edge of the waveforms. 
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Figure 28. Measured square wave input–output waveforms for the power amplifier using general operational amplifiers. 
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Figure 29. Measured ripple of the power amplifier using general operational amplifiers. 
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Figure 30. The tests with the mechanical stage. 
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Figure 31. The input voltage signal generated by the waveform generator. 
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Figure 32. The output displacements of the mechanical stage: (a) the output displacement exited by the power amplifier using high-voltage operational amplifiers; (b) the output displacement exited by the power amplifier using general operational amplifiers. 
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Table 1. The parameters of the control block diagram.
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	Circuit
	Model
	Parameters of the Model





	operational amplifier
	   A ( s ) =  A  (  S 1  − 1   s + 1 ) (  S 2  − 1   s + 1 )     
	A = 3.16 × 105, S1 = 10 π, S2 = 8 π × 106



	RC filter
	   D ( s ) =  1  R C s + 1     
	R = 50 Ω and C = 4 nF



	magnification of the inner-loop
	KB
	the conductance of the MOSFET



	load (variable capacitance)
	CL
	4.7 μF which is the maximum load capacitance for the circuit



	feedback network
	   H ( s ) =    R 4  +  R 5  +  R 4   R 5   C 2  s    R 5  +  R 4   R 5   C 2  s     
	R4 = 200 k, R5 = 8.25 k, C2 = 15 pF
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Table 2. The parameters of the control block diagram.






Table 2. The parameters of the control block diagram.





	Circuit
	Model
	Parameters of the Model





	operational amplifier
	   A ( s ) =  A  (  S 1  − 1   s + 1 ) (  S 2  − 1   s + 1 )     
	A = 1.0 × 108, S1 = 0.4 π, S2 = 10 π × 106



	RC filter
	   D ( s ) =  1  R C s + 1     
	R = 100 Ω and C = 4 pF



	inner loop transfer function
	   X ( s ) =   [  H A  ( s ) ]   − 1     
	TA = R8C1, R8 = 5 k, C1 = 150 pF



	load (variable capacitance)
	CL
	4.7 μF which is the maximum load capacitance for the circuit



	feedback network
	   H ( s ) =    R 9  +  R  10   +  R 9   R  10    C 2  s    R 9  +  R 9   R  10    C 2  s     
	R9 = 120 k, R10 = 5 k, C2 = 15 pF
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Table 3. Comparisons between the power amplifiers proposed in this paper and some references.
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	References
	Ripple
	Bandwidth
	Cost
	Size
	Circuit Complexity





	[13]
	40 mV
	Not given
	Low
	Medium
	Complex



	[14]
	Not given
	20 kHz
	Medium
	Medium
	Simple



	[15]
	20 mV
	About 20 kHz
	Medium
	Big
	Medium



	[17]
	2 mV
	57 kHz
	Low
	small
	Complex



	E-618 ([23])
	20 mV
	About 15 kHz
	High
	Big
	Not given



	This work A
	16 mV
	43 kHz
	Medium
	Small
	Simple



	This work B
	2 mV
	53 kHz
	Low
	Small
	Simple
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o

iEy

Tt unction RCFiter Lineas Amplifcaion
) By K

Fosdhack etwork

H(s)





media/file4.png
Vp Vn

A(s)






media/file52.png
...{_...;4....._,4

PR S ——

S0msidiv 1.0MS/s 1.0ysipt

Run Sample
1 514 acqs RL:S000K
Auto  December 06, 2020 10:06:47

@l 2 vidiv 1M By SO0M
Q&2 40.0vidlv By 1.06G
p—
Value Mean Min Max &1 Dev Count  info
@B Ampl  [5.0aV 50404300  [5.04 5.12 5.88Bm  |1.51Zk
&EL) Freq i00.1Hz  [104.7654T7  [98.47 1.2dk 20,50 1.512k
@820 ampl 122V 12324132 1232 126.4 3642m  |1.512k
| 2y Freq [99.58Hz  |100.0095T7 (95,34 189.2 1.851 1.512k






media/file39.jpg
3






media/file18.png
% /

Vi(s) ( ) Transfer function > RC Filter Linear Amplification | Z,(s) > Load V(,(S)‘>
A(s) D(s) K, C,

Feedback network
H{(s)






media/file21.jpg
amplitude (dB)

e?Nz 10Hz  100Hz 1kHz  10kHz 100kHz 1MHz 10MHz 100MHz
frequency





media/file44.png
Tek MS0O5204

High Voltage Capacitor






media/file26.png
1

6.0V

4.0V

2.0V

v

-2.0v-

6.0V

4.0V

2.0V

av

-2.0v-

2

140V

100V

>>

-10v

Os Sms

140V

100V

10ms 15ms 20ms
o V(VIN) [2] o V(vOUT)

(a)

25ms 30ms 35ms 40ms

Time

45ms 50ms

8ms 10ms

[1] o V(VIN) [2] < V(vVOUT)

(b)

Time

17ms





media/file57.jpg





media/file7.jpg
v T i Circuit output
) 5l Tmnsf:(:\)mcuun Forwa;i:)elwovk

V(o)

Feedback network

-— 1
H(s)





media/file63.jpg





media/file28.png
Tek MS0O5204

Keysight E5061B

O =~ -
llli‘HWl;fl‘"V!HU‘ Hl[i"’l“]l}m 0 o HH!]i“\\HNINHHHN"["llll”lll“|““
O dm2 3 4 & 8 7 0 ‘bl

High Voltage Capacitor






media/file10.png
Nonliner Function

AUSY

M

Load
R

L

V(s






media/file49.jpg
19N 2

N iZZ/. A1/
ol 3] \ A

03 Ses 10w doma 20w 28w J0m  Joms 40w 4w S0ms
v (2 vioun

-





media/file11.jpg
N Ve | Linear Amplification
& ) K






media/file6.png
‘ Circuit output
Forward network ‘ >

Feedback network






media/file36.png
S L B B S s e B Sy L S B S B BB S B S e Sy S S S
E A = R e —
\\
C T AT
ot e r—mr— s et pome oy e———
+ + t + + + +
o e e = e —— ekl ek e 1
- T 7 T
Zm e ———— S e—— —_—=em e ———
PRI RN ! P R el ) TR PRI SR ! P R R T MR el )
&2y 40.0vidiv By:1.0G @ /oov ] 5.0ms/div 10.0MS/s 100ns/pt f
@ 2.0Vidiv 1MQ §:20.0M None Auto Stopped
285 acqs RL:500k

Value Min Max St Dev Count Info Cons
@2 Amp! iEE__ 1280 Jte12 o850 [ ]
@ o fonow Jootos fow Jwer fueim e ||
@ Amp 25V piz s radim paes | |
@ Freq -






media/file15.jpg
RS 825k

ra.
w150 o
ur
w10
Passtor -
o’ — W DER1SN10003)
B .
Rise P2
o) o, EE
o) —
e re -
et Dxtopeos
vss
Re 20k

c2 150






media/file62.png
Power Supply

l

Waveform generator
Keysight 33622B

The designed power
amplifiers

:

The mechanical

stage

Grating ruler
acquisition

circuit

Computer

Piezoelectric
stack actuator






media/file54.jpg
p 6oV
a0

2.0

2 Mov-
100v
sov
10v
Toms 20ms 25 2ma
[« v 2] vevorr)

Time

(b)





nav.xhtml


  electronics-10-00720


  
    		
      electronics-10-00720
    


  




  





media/file2.png
—_

ycee yece
Viv
+ A |:>Q
AVAVAY -
+——o |
- RL/?'VOUT
W\ AW - —
I] %
R R 1L





media/file53.jpg
6.0V, 140v.

2
100v
2.00
sov.
ov
“10v

03 Sma 0w e 20ms 2% 30w  Joms  A0m  bms S0m

I v (2 vivoun
timo

(a)





media/file23.jpg
TAAART






media/file59.jpg





media/file24.png
5.0V~

150V : - ; z
2 .a". “‘. [ﬁ \ll ! \'\‘ ."I/ .‘\' /J \'g‘
[ b f -\ /o {3 Py
! f_ \"\'1 I J"' \‘n‘l'. / ,./ \\I". I." ',"/ N | [/ ".I
i’ \, I ) AN i \| {f Y
100V fl‘ i} \ : dlf 1\9 |?I/ \‘I |r?’ * s !
S
e " )
AU DU A SR A B A B A
o [ ( | il " / i -il B.
2.5V 50V : / i / | #h . / L
d ',l i |[ \ f‘ ||‘ | I"‘I I|I| |I ". .IJ‘ |I ! ! /
II \ .! III I| II' I |I Il lv\ J / ! I| ‘\I / fl I‘I \\ |
R [ VA . 1A /] [ & [ ,f (
'|| ‘\‘ / I;ﬂ | "\I 'f," { | ‘\ - | \ / | |'| ‘\ ¢ |
/o 1 J | | ﬂ;l \ 4 /
ov S LR N : 7 At
| / ! | | / | / | /
II'\ ."I .III |"I 'LI ’|' \ |"| \ ,.'I
\ / ! \ / ! y !
>> l'\\ y“l "l Fj Q :'ll \ ,f'/ \'\ ml
ov- -50V AN A4 N/ N "/
Os Sms 10ms 15ms 20ms 25ms 30ms 35ms 40ms
o V{VIN) [2]| o V{(VOUT)

45ms 50ms
Time






media/file29.jpg
amplitude (dB)

10Hz  100Hz  1kHz  10kHz 100kHz 1MHz  10MHz 100MHz
frequency





media/file1.jpg
yce

vce






media/file12.png
Linear Amplification
K

~

Load

V,(s






media/file9.jpg
10 ke riner

=y Bls)






media/file42.png
x10

0
Real Axis (seconds'1)

?.mvcooowv sixy Aeuibew

o

!
N
o

04}

061

081

x106

05
X 107

x108

1

-0.5

-2.5

1
@
o

1
©
o

<
o

P.wucooowv sixy Adeuibew

N
o

o

I
N
o

-04r

-0.61

-0.81

-3

Real Axis (seconds'1)





media/file55.png
1

6.0V

4.0V

2.0V

ov-

—2.0V-

140v
= d = = 5 E“ =
100V 4
i
: | 5]
50V ¢
i
>>
—-10v
Os Sms 10ms 15ms 20ms 25ms 30ms 35ms 40ms 45ms 50ms
0 V (VIN) V (VOUT)
Time

(a)





media/file56.png
1

6.0V

4.0V

2.0V

0OV

-2.0v-

140V

100V

S50V ‘

>>

-10V
18ms

2{(ms
[1] o V(VIN) [2] < V{vOUT)

(b)

25ms

27lms





media/file47.jpg
(gp) epnyjdwe

frequency





media/file38.png
IXFR15N100Q3

VCC135V
<> R1 R2
5k :
1
F 77560
N
VCCA5\ ‘
Q2 s
<
Vi z
R5 100
R6 N
J2N4416 AN l ]
Q‘j IXTH10P60P
3
U1 CpCss03
OPA228U
<> R7
z R
VSSA15Y
R8 5k C1 150pF
: = 11
| vy |
RO 120k
R10 5K
0 il .
| W ]_Cz{ 15pF

Vo
PZT l
—
?0






media/file65.jpg
&9






media/file17.jpg
i
o Trantrfncion RCFier e NI

6, AGs) D) , I £, 3

rereme—y
Hs) *






media/file60.png
‘[]]]‘[l'l‘llll'llll
N
t

| O T S U I S T S T O I B A

LN L N L L B L B B L B B B

.
t
PN T T T IS T T N N S T S A N S B S A AN

L o o | g |

1 | Il

| | | | I
( qew 1.0mvidiv

1
| By200M | Qi 47260V [Elé Jo.0v ] 5.0ms/div 500kS/s 2.0pslpt
é -930.4pV Ready Auto Run Sample
é -1.403mV 1272 acqs RL:25.0k
Auto December 06, 2020 10:40:02






media/file30.png
amplitude (dB)

-80

40

20

(10,28.043)

¥
(42.5k,25.043)

i
4
(2.19M,0

\

e

10Hz 100Hz

1kHz 10kHz  100kHz  1MHz

frequency

10MHz  100MHz





media/file51.jpg
v i S
3 -y

i






media/file35.jpg
3 (}} i1






media/file48.png
amplitude (dB)

40

30

20

frequency

[ >\
* »
(10,28) (52.7k,25) \
/
(844Kk,0)
10Hz 100Hz 1kHz 10kHz ~ 100kHz ~ 1MHz 10MHz ~ 100MHz






media/file27.jpg
ok st

VIV

/Ko Esoain

Hih Vologs Coacior






media/file3.jpg
Afs)






media/file22.png
40

2of—N :
(10,28.04) 41.5k,2504)

o

~
(1 .7|_\_/_I,0(/\
\

amplitude (dB)
S

A
o

&
=

N

1Hz 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz
frequency






media/file19.jpg
maginary Axis (secondd’)
$ses.82¢28%¢8

s Ad fosconds)

(P

=
O O

Foat s o)






media/file66.png
\c
y b






media/file58.png
vlwuy—v—vvy = T

R |

L

e

TR A T T S B

Q&) 2.0vidiv
@82y 40.0Vidiv

. .
1MQ By:500M

QL) Ampl
QW) Freq

Value

00.00011
[100.0Hz [100.00021

Mean
5.0645675

Count

Info

5.0ms/div 1.0MS/s 1.0ps/pt

Sample
1313 acgs

RL:50.0k

Auto December 06, 2020

10:26:30






media/file40.png
~

v
| Linear Amplification RC Filter Linear Amphﬁcatlon
K, B(s)

‘ Feedback network ‘ P
)
H,(s)

(5) Transfer function RC Filter Transfer function V.(s)
A(s) D(s) X(s)
‘ Feedback network ‘ w

. He)






media/file33.jpg





media/file32.png
LI

T
.,A

LI

= —— e e

e —n e

T e

L 2 i T [

(U 2 i

@ 15619mv

Cons

1 | L 1 I 1 1 1 1 I 1 1 1 I 1 L 1 | I 1 l 1 1 1 1 I 1 1 | 1 I | | 1 1 I 1 1 1 1
( qgap 2.0mvidiv ,  By:20.0M [. /16.0mV ] 100ms/div 500kS/s  2.0ps/pt
None Auto Stopped
1acgs RL:500k






media/file14.png
Transfer function

A(s)

Linear Amplification

K

iP
RC Filter
B(s)

Load

V.

(s) >

Feedback network |

H(s)






media/file41.jpg
JE——
5

bob e
S

N e 'y





media/file37.jpg





media/file46.png
amplitude (dB)

40

30

20 ' ¥
(10,27.96) (50.2k,24.96)

10 \
O /‘
10 (847k,0) \

1Hz 10Hz 100Hz 1kHz  10kHz 100kHz 1MHz 10MHz 100MHz
frequency





media/file45.jpg
2
&

N g
8 8

amplitude (dB)
3 o2

88
8 8

IS
s

Hz  10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz
frequency

&
-]





media/file16.png
R1 50 |‘_
U1 H
PA341DF R3 10 M
Vi IXFR15N100Q3
Vo
PZT
R2 50 — 1
ot}
|_
M2 —_
IXTH10P60P
VSS
-0
R5 8.25k R4 200k
AAA AAA o
\A'A \'A'AS

C2 15pF






media/file20.png
Imaginary Axis (seconds’1)

x105

1 X 10 T T T T T 6 T
0.8} .
4}
(@]
06} .
041 . B 2f
\ “ :
0.2f \ I
————————— ~ 20
0 <
,,,,,,,,,, >
/ e
0.2} / . S 2f
v / £
04} .
4t
06} .
(@]
_08 - i
_6 1
6 4
_1 1 1 1 L L
-3 25 2 15 -1 05 0 0.5

Real Axis (seconds'1) X 107

-2 0 2
Real Axis (seconds'1)





media/file50.png
5.0V

2.9V

ov-

2 150v

100v

S0v

ov

>>

50V

/ P / \ S / W
/ S ! Y E'I‘ - ! L. 'n\ / /,,\ !
PN (s \ DN I N /' \:_.'u
{7 N LN N i/ \i I X
i/ " i q I W I { i/ %]\
1/ \ // [ v N / :;‘I‘ﬂ IP"/ \
/ \.\ ~ \' ,j \ +/ \ / .
1/ I :EI | S f '\?. ;'11 |
N i i \ \ i B y p iy A %
R i A /| X / A /1 1 /
II|I \\‘. ‘/'I I\'I |I|I’ \I ‘/ IIII I‘l \‘..‘ f l‘lll I|I ."-.. J{I“ ll" K|II ~‘\‘. a"‘ /
| \\ / |I| | \ I k '\ |I L f ! § "'., / {
\Ill .\ }“- Ju |I|I y /o N / H'. \ / I|| |\l \ A
[N Lo { Lo TN, N A
\ ! "lI ‘.I § \ / 4 ‘III
\ / L / Il'i y / | ;'f
\ ! \ / | | ' /
[‘_q. ,"v t / If'.:J t;, If'k]‘ /
NS NS R \ N
Os Sms 10ms 15ms 20ms 25ms 30ms
0 V(VIN) |[2]

-~ V (VOUT)






media/file5.jpg
-~ Forward network

Feedback network

Circuit output





media/file31.jpg





media/file25.jpg
2.0v

140v-

100v.

s0v- 3

i T Y e e Siee e e

@

1000

sov.

“10v

v @ vevoon -

(b)





media/file61.jpg
Power Supply

!

Grating ruler
Waveform generator | The designed power | The

echanical

acquisition  — Computer
Keysight 336228 amplifers stage i L

Piczoclectric
stack actuator






media/file0.png





media/file8.png
v Q ,

Transfer function Forward network

A(s)

G(s)

Circuit output
.

Vi(s)

Feedback network

H(s)

>






media/file64.png
LONLELE B A B A B B B B B

UELELELES BLELELEL BLE- AN NUBLELELEN NUSLELEY

L

Ll

L

L

L

TR T T T T T Y SO SO

T R T T
( qeap s0omvraiv

1MQ 8,:20.0M

T I T R B |
[Aéj'-ﬂmmv

None

50.0ms/div 20.0kS/s 50.0ps/pt
Stopped
1acqs RL:10.0k

Cons December 04,2020 15:11:05






media/file43.jpg





media/file34.png
T

Lanae

< TP SN SN

——ttf s

bbbt

b ] J
L " e 1 - " ' . " . 1 . " l " ' 1 e l e e b " l e " e e e e b ~
@i “0.ovidiv By 1.0G A Qg ooV S5.0ms/div 10.0MS/s  100ns/pt
@ 2.0Vidiv M0 B:20.0M Nowe Stopped
—— 169 acqs RL:500k
Value Mean Min Max StDev  Count Info Cons
@ Ampt [1248v [1248 1248 1248 73051 [169.0
@l Freq  [09.9Hz (9999173 [99.19 100.7 211.3m _ [137.0
@ Ampl 52V 51644587 [5.12 5.2 40.09m  [1040
(@ Freq  [99.76Hz _|100.02157 [99.45 100.5 2098m  [17.0






