micromachines

Article

Stability Compensation Design and Analysis of a Piezoelectric
Ceramic Driver with an Emitter Follower Stage

Xueliang Wang 1'2%*, Nan Zheng 1-2-3, Fenglong Wei 1?3, Yue Zhou 3 and Huaijiang Yang 1-2-3

check for
updates

Citation: Wang, X.; Zheng, N.; Wei, F,;
Zhou, Y.; Yang, H. Stability
Compensation Design and Analysis
of a Piezoelectric Ceramic Driver
with an Emitter Follower Stage.
Micromachines 2023, 14, 914.
https://doi.org/10.3390/

mi14050914

Academic Editor: Mickaél Lallart

Received: 25 March 2023
Revised: 17 April 2023
Accepted: 21 April 2023
Published: 23 April 2023

Copyright: © 2023 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 (https://
creativecommons.org/licenses /by /
4.0/).

Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
Changchun 130033, China

University of Chinese Academy of Sciences, Beijing 100049, China

Beijing Gopptix Technology Co., Ltd., Beijing 100176, China

*  Correspondence: wangxueliang182@mails.ucas.edu.cn; Tel.: +86-186-8667-6013

Abstract: Piezoelectric ceramic has been widely applied in many fields because of its characteristics,
and the performance of piezoelectric ceramic is determined strongly by its driver. In this study, an
approach to analyzing the stability of a piezoelectric ceramic driver with an emitter follower stage
was presented, and a compensation was proposed. First of all, using the method of modified nodal
analysis and loop gain analysis, the transfer function for the feedback network was analytically
deduced, and the cause of the instability of the driver was found to be the pole composed of the
effective capacitance from the piezoelectric ceramic and the transconductance from the emitter
follower. Then, a compensation involving a novel delta topology composed of an isolation resistor
and a second feedback path was proposed, and its function principle was discussed. Simulations
showed a correspondence between the analysis and the effectiveness of the compensation. Finally,
an experiment was set up with two prototypes, one with compensation, and the other without
compensation. Measurements showed the elimination of oscillation in the compensated driver.

Keywords: piezoelectric ceramic; stability compensation; driver; emitter follower

1. Introduction

Piezoelectric ceramic is a transducer that transforms electrical energy into mechanical
energy [1-3]. It has characteristics of high resolution, fast response, high stiffness, little
magnetic interference, and little heat generation, making piezoelectric ceramic advanta-
geous over conventional actuators in precise applications [4-7]. Piezoelectric ceramic has
been widely applied in many fields, such as fine machining, semiconductors, life sciences,
and so on [8-11].

A lot of research has been carried out about piezoelectric ceramic over the last few
years. Ghenna et al. analyzed and designed a motor with piezoelectric ceramic for applica-
tions that require compact size, high blocking, and driving forces [12]. Wei et al. developed
a three-degree-of-freedom actuator with piezoelectric ceramic to manipulate a large and
heavy mirror in an optical system [13]. Massavie et al. utilized piezoelectric ceramic as
a resonator to filter the second harmonic in power electronics, and effectively improved
the efficiency of the filter [14]. The development of a novel hydraulic actuator, with its
characteristic high bandwidth, was proposed by Li et al. [15]. Degefa et al. studied the
mathematical model between the characteristics of piezoelectric sheets and piezoelectric
stacks, and their geometric dimensions [16]. Zhou et al. and Yu et al. proposed modified
Prandtl-Ishlinskii models to compensate for the asymmetric and rate-dependent hysteresis
of piezoelectric ceramic [17,18]. Yeh et al. presented an output-feedback sliding-mode
control scheme to suppress the unknown nonlinearity of piezoelectric ceramic to avoid
complex hysteresis models [19]. Zhang et al. studied the rate-dependent hysteresis of
piezoelectric ceramic, and designed a hybrid adaptive controller for a piezo-actuated stage
for accurate positioning [20]. Roshandel et al. proposed a high-step-up, high-efficiency,
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high-power density DC-DC converter to drive a piezoelectric transmitter [21]. Pai et al. de-
signed a driving circuit for piezoelectric ceramic by increasing the leakage inductance of the
transformer core, which makes voltage gain changes insensitive to frequency changes [22].
Kobayashi and Kawakatsu presented a driving circuit for piezoelectric ceramic that has a
comparatively larger surface area, with a high transient current of up to 100A [23]. Xu et al.
developed a high-voltage operational amplifier based on the principles of general opera-
tional amplifiers, in order to realize a low-cost and high-performance driver for piezoelectric
ceramic [24]. Drivers based on the principle of charge feedback control were separately
proposed by Yang et al., Bazghaleh et al., and Jin et al., in order to improve the linearity of
piezoelectric ceramic [25-27].

The above literature mainly focused on the application, modeling and control, and
driver design of piezoelectric ceramic. Since piezoelectric ceramic is inherently capacitive,
it tends to erode the driving system’s stability, which is the foundation of all the other
performance features. The literature on this topic is relatively scarce, and this study is
aimed at a systematic study of this problem. The manuscript is organized as follows:
Section 2 first describes the materials of this research in detail and the preparation for
subsequent analysis, after which an analysis for the driver is carried out, and the design
of compensation is presented; Section 3 provides the simulation results and experimental
results; in Section 4, the results and future research are discussed; finally, in Section 5 the
conclusions are summarized for this study.

2. Materials and Methods
2.1. Piezoelectric Ceramic and Driver Circuit

In this research, the piezoelectric ceramic of P-887.51 from PI was driven as a demon-
stration, and its parameters are listed in Table 1.

Table 1. Parameters of the piezoelectric ceramic of P-887.51.

Dimensions

Nominal Displacement Blocking Force Capacitance Resonant Frequency

7mm X 7mm X 18 mm

15 um 1750 N 3.1 uF 70 kHz

The uncompensated driver circuit is shown in Figure 1. In this circuit, the operational
amplifier is configured as a non-inverting amplifier, and amplifies the input signal to the
desired voltage level according to the ratio between R¢ and R;. On the non-inverting input,
there is a series resistor R, the value of which should be about R¢ parallel with R;, to help
to cancel out the adverse impact of the bias current of the operational amplifier input stage
on the output accuracy.

Following the operational amplifier, there is a class-AB push-pull output stage com-
posed of emitter followers, together with its biasing stage. The biasing stage is composed
of Wilson current mirrors, which are implemented by Q1 to Q6, and set the bias current
through R;. By the function of the current mirror, the bias current flows through Ry,; this
generates a voltage difference between the base of the output transistors, and consequently
determines the quiescent current flowing through the output transistors when no load
is driven. The local negative feedback resistors R; are implemented in series with the
emitter of the output transistors, in case the output transistors break down because of the
positive correlation between the collector current and the temperature. C;, is the effective
capacitance of the driven piezoelectric ceramic.
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Figure 1. Schematic of an uncompensated piezoelectric ceramic driver.

The values of the components implemented in the above circuit are listed in Table 2.

Table 2. The values of components implemented in the driver circuit.

Component Value
OPAMP OPA547
R¢ 102 kO
Ry 11.3 kO
R¢ 10 kQ
Q1Q2Q3 BC856
Q4 Q5 Q6 BC846
Ry 90.9 kO
Ry 1kO
Q7 2SCR586]
Q8 25AR586]
R¢ 10
G P-887.51

2.2. Preparation for the Analysis
2.2.1. Determination of the Parameters for the Transistor Model

It was assumed that a forward-biased transistor has a Vgg of about 0.65 V, and that
the base of the output transistor and the output of the operational amplifier source or sink
little current, so the bias current of the transistors involved in the driver can be calculated

from Equation (1).

I =
I =1 , (1)
AV I I

IbRp = IR + U <ln 2L +1n ﬁ)

Vr denotes the thermal voltage, and Is denotes the saturation current. Together with
the above calculated bias current and parameters from the components’ datasheets and
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SPICE models, the hybrid-7t models of the transistors have the following parameters, shown
in Table 3.

Table 3. The hybrid-mt parameters for the transistors.

Component I'rn Cr 8m Cu Io
BC856 13.0 kQ) 24 pF 192 mA/V 14 pF 27.4kQ)
BC846 13.0 kO) 8 pF 19.2mA/V 4 pF 20.0 kQ)

2S5CR586] 13.2 kO) 1.3 nF 189 mA/V 188 pF 321 kQ)
2S5AR586] 13.2 k) 1.3 nF 189 mA/V 337 pF 63 k()

2.2.2. The Effective Impedance of the Current Mirror

Since the output impedance of the Wilson current mirrors connected to the base of the
output transistors affects the AC analysis of the driver, it was necessary to have a check
in advance. It can be found from Table 3 that the PNP transistor has a larger value of
the parasitic capacitors, which is due to the fabrication process and material properties;
thus, the top half current mirror composed of PNP transistors was taken as an example for
analysis, and the bottom half was considered to have less effect.

Figure 2 shows the AC equivalent circuit of the above-mentioned current mirror. The
transconductance of the diode-connected Q2 can be seen as a resistance with the value of
1/gmp, which is far less than r,;; and ryy; thus, ij will mainly flow through this effective
resistor, and the other resistors parallel to it can be omitted temporarily, in order to facilitate
the analysis. Similarly, iy was considered to mainly flow through r,3 and r,;, and were
temporarily omitted. In this way the DC resistance Ry of the current mirror was found to
be about 2.5 M() with Equation (2).

1 1 1 I'73 * &m3 * Lo3 2)

Rozg—mz*EJrE*rm*gmg'*rwm ” ,

/|\11
nb3 'LZ:D3 m3 ro3
e
1 <__JINPUT

Figure 2. Equivalent circuit of the uncompensated piezoelectric ceramic driver.

ro1 m1
Cl1
i
E— L]
-0

Then, the zero-value time constant analysis [28] was carried out. The effective resis-
tances seen by every single parasitic capacitor, when others are replaced by an open loop,
are denoted by r1, Tx1, ', T3, and ry3 respectively. The calculation of r,; is based on
modified nodal analysis [29] and is demonstrated in Figure 3, in which the circuit can be
described by Equation (3); r,;; was found to be about 8.5 k() with Equation (4). In this
way, all of the other effective resistances were calculated and, consequently, all of the time
constants were calculated, as listed in Table 4. It was found that 7,3 dominated, and the
overall time constant T was about 79 us.

1 1, 1 1 1
g T8mi T, T, t8mtr,;, T, 0 o
~(8m1 +15) Ll =11 @3)
1 U3 0

0 &m3 To3
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Figure 3. A demonstration for the calculation of R,;.

Table 4. The time constants stemming from each capacitor.

Tul T T2 Tn3 Tus
147 ns 744 ps 744 ps 252 ns 79 us

Thus, the effective impedance of the Wilson current mirror was modeled as a lumped
capacitor Cy of 32 pF, in parallel with the DC resistance Ry, which had a corresponding
time constant of 79 ps.

2.3. Analysis of the Uncompensated Driver

Since in the output stage of the driver circuit either Q7 or Q8 will be conducting,
depending on whether the output stage sinks from or sources to the piezoelectric ceramic,
the equivalent circuit in these two cases will be symmetrical except for some slight difference
and the top half will be analyzed. This approach led to the AC equivalent circuit of Figure 4,
which turned out to be adequate for an approximate evaluation in the following analysis.

Re
INPU +

ou 4%\A%

OPAMP

Figure 4. Equivalent circuit of the uncompensated piezoelectric ceramic driver.

In this study, the tool of loop gain analysis [30] was used to evaluate the stability of the
driver. The loop gain T is a product of the open-loop gain A of the operational amplifier
and the gain {3 of the feedback network. The A, of the operational amplifier, which has a
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DC magnitude of about 110 dB, with a dominating pole at about 2 Hz, was measured by
the manufacturer, and can be found in the datasheet and the SPICE software model. Thus,
the loop gain T is determined mainly by the feedback network gain (3, and the following
analysis and design in this research were based on the feedback network.

The sum of Cy and C,;3 was in the range of 100 pF, so they functioned only at consid-
erably high frequency, and thus were ignored for an intuitive result. At moderately high
frequencies, ro3 conducted little current from node 3 compared with the R; path, and it
was ignored in the analysis; for the same reason, Ry was ignored as well. The circuit of the
feedback network can be described by Equation (5), and the transfer function of 3 can be
calculated by Equations (6)—(8).

e —(sCn+ 1) 0 o] o
~(Cat L tgn) Crtittgnta & |[|@|=| 0| ©®
0 K & +5Cp 04 0
R+ = +5Cr —(sCﬂ—l—é) o
—(sCrtL+gn) Crtdtgatg O
p=2- N ’ % AR
v Rit R Rib—i-é—i-scn —(sCﬂ—i-%) 0
—(sCat ik +8m) Crtd+eath &
0 —R% R% +35Cp
5 R SCrii— +£ng +1 -
Ri Re 520, Cr 0t o0 (Re+ 255 ) 4 sCrrppln +17
. sCr +1
R, (g B m)g(sc kef) ) O
TRt(1+rrgm)+Rp+17 t T Thrqg,

In this study, as Equation (8) shows, the two poles in 3 of the uncompensated driver
were located at 890 Hz and 134 kHz, respectively, and the zero in 3 was located at 2.3 MHz.
Since the first pole of 3 was at a rather low frequency, it lagged the phase of T rapidly,
together with the dominating pole of A,. This usually means a decrease in the phase
margin of T and a poor transient response, or even oscillation, which will be verified in
Section 3. This is the reason why compensation for the driver was necessary.

2.4. Design of the Compensated Driver

To compensate for the stability of the original driver, a modified driver was proposed
in this research, as shown in Figure 5. A series resistor Rs was inserted between the
piezoelectric ceramic and the output of the driver, and a new feedback path was established
by Cy and Ry. In this case, the AC equivalent circuit of the top half driver is shown in
Figure 6a. It can be seen that a delta topology is formed between node4, node5, and node6,
because of the added components. A delta-y transformation was implemented to facilitate
the analysis, and the schematic is shown in Figure 6b, in which the impedances, denoted as
Z1,Zp and Z3, were calculated with Equation (9).

74 = RS(1+SC](R]()
1= 155G (Re+Re+Ry)
— KNS N f
22 = THsC (Ra+R{TRy) / ©)
23 = R¢(1+sCcRy)

1+ka (RS+Rf+Rk)
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Figure 5. Schematic of the proposed compensated piezoelectric ceramic driver.
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Figure 6. Equivalent circuit of the compensated piezoelectric ceramic driver: (a) before the delta-y
transformation; (b) after the delta-y transformation.

The circuit of the feedback network can be described by Equation (10), and the transfer
function of 3 can be calculated by Equations (11)—(13).

1 1 1
E+§+5Cﬁ —(SCT[“_E) O Uz Ribvl
—(SCT['Fé‘f'gm) SCﬁ‘Fé"‘gm‘f’ﬁzl _Rt%zl 3| = 0 , (10)
0 1 1 1 Ug 0

TR+ Ri+Z; + Zg-i-ﬁ
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p=0= 1 b2 ,an
o RitZs| Lyl 4sCe —(sCr+ L) 0
1 1 1 1
- (SCW + Tr + gm) sCrn + Tr +8mt R+Z; TRtz
0 __1 1 + _ 1
Ri+7Z; Rt+Z ' 72+ L
s&p
[3 =
R, . (anH;TﬁgmH) (2CLCpRsRy+5Cy (Rs+Re+ Ry ) +1) (12)
Ri R i(Rs T s I7r T /
T (e B ) (2 PR R oy (Rt P ) i 1)
R, (scﬂgi + 1) (sCp (Rs|[R) 4 1) (sCie (Rs + R+ Ry) + 1) )
P~ -
R: + R rn(Rt+Rg+Rb) . r+Rp
R (SC e Rl 1) (sCh(Ril[Re + Ri) +1) (5Cp (Re + R+ 755 ) +1),

Comparing the results from Equations (8) and (13), the following characteristics
were found:

e  The one original zero stemming from C,; stays unchanged and the two original poles
stemming from Cp, and Cr change slightly;

e  The compensated circuit introduces two zeros stemming from Cp, and Cy and one pole
stemming from Cy;

e The zeros and poles stemming from C,, and Cy makes the phase shift of 3 to be
0 degrees at high frequency under proper design;

e  The first pole lagging the phase of 3 in the compensated driver stems from Cy, and it
is at a relatively high frequency. In contrast, the first pole lagging the phase of {3 in the
uncompensated driver stems from Cp, and it is at a relatively low frequency. Thus, the
phase margin of the loop gain is increased.

In this research, Rs and Ry were designed to be 5.6 () and 10 k(), respectively, and Cy
was designed to be 2 nF. As Equation (13) shows, the three poles in 3 of the compensated
driver are located at 816 Hz, 3.9 kHz, and 122 kHz, respectively, and the three zeros in 3
are located at about 769 Hz, 9.3 kHz, and 2.3 MHz, respectively.

3. Results
3.1. Simulation Results
3.1.1. Frequency Domain Simulation Results

The effectiveness of the analysis and design proposed in this study was first examined
using SPICE software simulation in the frequency domain. The Bode plots of {3 of both
the uncompensated driver and the compensated driver are shown in Figure 7. As the
simulation results in Figure 7a graphically show, the first two poles in 3 are located at
2 kHz and 94 kHz, and the zero is located at about 2 MHz, which agrees approximately
with the analysis in Section 2.3. As the simulation results in Figure 7b graphically show,
the first three poles are located at about 1 kHz, 2 kHz, and 106 kHz, respectively, and the
first three zeros are located at about 600 Hz, 12 kHz, and 2 MHz, respectively, which agree
approximately with the analysis in Section 2.4.
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Figure 7. Frequency-domain simulation results of 3: (a) Bode plot of 3 of the uncompensated driver;
(b) Bode plot of § of the compensated driver.

The first pole lagging the phase of 3 of the uncompensated driver remarkably is at
2 kHz, whereas the first pole lagging the phase of 3 of the compensated driver remarkably
is at 106 kHz, considering that a pole and a nearby zero cancel out with each other. As a
result, the phase margin of the loop gain increased, and this can be seen from the graphic
representation where the flat part of the gain is extended.

Next, the Bode plots of T for both the uncompensated driver and the compensated
driver are shown in Figure 8. As the simulation results in Figure 8a graphically show, there
is no phase margin left for the loop gain of the uncompensated driver, which agrees with
the analysis in Section 2.3. As the simulation results in Figure 8b graphically show, the
phase margin for the loop gain of the compensated driver increased to about 50 degrees,
which agrees with the analysis in Section 2.4.

100

G - s
a 60
i 20
n
-20
-60
-100
-140
DB (V(T))
1804
P
h 13gd
a 90d
a 45d
° 0d -
-45d
-904
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1.0KHz 10KHz 100KHz 1.0MHz 1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
P(V(T))
Frequency Frequency
(a) (b)

Figure 8. Frequency-domain simulation results of T: (a) Bode plot of T of the uncompensated driver;
(b) Bode plot of T of the compensated driver.

3.1.2. Time-Domain Simulation Results

Finally, a transient simulation was carried out in the time domain to examine the
effectiveness of the analysis and design proposed in this research. As the simulation
results in Figure 9a graphically show, there is an overshoot of about 60% and a small
oscillation in the response to a step input. As the simulation results in Figure 9b graphically
show, the overshoot and oscillation in the response to a step input were eliminated by
the compensation.
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Figure 9. Time-domain simulation results of the response to the step input signal: (a) output voltage
waveform of the uncompensated driver; (b) output voltage waveform of the compensated driver.
3.2. Experiment Results
3.2.1. Setup of the Experiment
To verify the effectiveness of the stability compensation proposed in this study, an
experiment was set up as shown in Figure 10. A board was designed and manufactured
with the compensated driver, and the uncompensated driver was modified on it. The board
was powered by a PAN-A power supply from KIKUSUI The VB-8054 from NI was used
as a signal generator, and fed the testing signals for the driver. The piezoelectric ceramic
PI1-887.51 from PI was loaded to the driver with a cable, and the output voltage was probed
and recorded by the oscilloscope DPO5034 from TEKTRONIX.
— el NN
power power
supply 7| driving
L. board
driving [ _
signal signal | | 10x |
generator Il __J
amplified
p rob'e’ “““ ~y signal
,"’ piezoelectric

oscilloscope

ceramic

(b) (0 (d)

Figure 10. The experimental setup: (a) the instruments used in the experiment; (b) the schematic of
the experimental setup; (c) the piezoelectric ceramic driven in the experiment; (d) the driving board
under testing in the experiment.
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3.2.2. Results of the Experiment

The experimental results are shown in Figure 11. The experimental results in Figure 11a
show an overshoot of about 50% and a small oscillation in response to a step input signal.
The experimental results in Figure 11b show a stable response to a step input signal because
of the compensation, which agrees with the simulation results in Section 3.1.2.

— | 17 \WJ

I I I I L L I I I

I i
(G0 Offset:24.0v 8:20.0M AT/ 2400 1.0ms/div 100.0kS/s  10.0us/pt CE)10v_ Oftset:24.0v B:200M RY(E)./ 2407 1.0ms/div 100.0kS/s  10.0ps/pt
Triggered Avte | Run Sample Triggered aute | gun Sample Il
8650 acqs. RL1.0k 7171 acqs RL1.0K
Auto March 15,2023 16:39:17 Auto March 15,2023 16:37:35
(a) (b)

Figure 11. Experimental results of the response to the step input signal: (a) output voltage waveform
of the uncompensated driver; (b) output voltage waveform of the compensated driver.

To observe the oscillation more clearly, a DC input signal and a sinusoidal input signal
were sourced into the drivers, and the experimental results are shown in Figures 12 and 13.
It can be seen that in the uncompensated driver, the oscillation resided on the desired
driving waveforms. In the compensated driver, there were cleaner driving waveforms,
which verified the effectiveness of the stability compensation proposed in this study.

T T T T T T T T T Ty T T T — T

: ‘\,\// AWA \VJMWAWA AWAVWAVW AWM

AAVARATATUMATE RN

i i
(67) 100mV_Offsot:10.0v B20.0M A/ 100V 100ps/div 1.0MSls  1.0psipt (G 100mV_Offsot:10.0v B 200M A/ 100V 100psidiv 10MSls  1.0ps/pt
None Normal | siopped  Single Seq 1 Road Auto | Run Sample 1
1acas RLAOK 213acas RLAOK
Auto March 15,2023 16:44:17 Auto March 15,2023 16:51:04
(a) (b)

Figure 12. Experimental results of the response to the dc input signal: (a) output voltage waveform
of the uncompensated driver; (b) output voltage waveform of the compensated driver.
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(1) 200mV_Offsot:10.0V 84:20.0M

I
KT/ 100V 20msidiv 50.0kSls  20.0ps/pt (G1)200mV_Offset:10.0v 8y:20.0M AT/ 100V 20ms/div 50.0kSls  20.0ps/pt
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Figure 13. Experimental results of the response to the sinusoidal input signal: (a) output voltage
waveform of the uncompensated driver; (b) output voltage waveform of the compensated driver.

4. Discussion

In this research, when carrying out the analysis, the influence of parasitic capacitors
was ignored to obtain intuitive results. In fact, they not only determined the zeros and poles
at high frequency, but also contributed fractionally to the zeros and poles at low frequency.
This is why the analysis did not exactly correspond to the simulation.

From Equation (8), we can see that increasing the transconductance of the output
transistor in the emitter follower stage shifted the pole stemming from the piezoelectric
ceramic to a higher frequency, which helped to reduce the risk of oscillation. This was
accomplished by increasing the quiescent current of the output transistor, which also meant
more power dissipation, even when no load was driven, and consequently more heat. Thus,
the designer should make a balance in a specific condition, and the analysis proposed in
this research will help.

From the experimental data, we can see that the elimination of the oscillation is
achieved at the cost of response speed. Hence, to design a driver for an application with the
specific requirement of speed, a study of further optimization based on the compensation
proposed in this research can be carried out in the future.

5. Conclusions

In this study, the stability problem of a piezoelectric ceramic driver with an emitter
follower stage was analyzed, and a corresponding compensation was designed. The nature
of the design was to optimize the structure of the transfer function of the loop gain by
means of modifying the feedback network. The analytical expression of the feedback
network was proposed so that the effect of every component was understood, and the
consequence of changing them could be evaluated. Then, the analysis and the analytical
expression were verified with the help of SPICE simulations, and the results showed
their correspondence. Finally, an experiment was set up to verify the effectiveness of
the compensation proposed in this study, and the results showed that the oscillation was
eliminated by the compensation as designed.
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